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Introduction 
Integrated pest management (IPM) relies on the combination of various types 
of management strategies to suppress the targeted pest population, including 
cultural, biological and chemical control (Kogan 1998).  Research has demonstrated 
that natural enemies can be an important source of mortality in herbivore pests, such 
as the natural regulation of whiteflies by numerous natural enemies (Naranjo 2001).  
Conservation biological control focuses on enhancing conditions for natural enemies 
that are already present in the system and success of this type of control requires an 
understanding of the ecology of the pest and their natural enemies (Meyling and 
Eilenberg 2007, Pell et al. 2010).  It is possible for a natural enemy to haphazardly 
experience optimal field conditions (Steinkraus et al. 1995), but optimal performance 
of most natural enemies requires some sort of conservation biological control.  It is 
essential to understand the role of natural enemies in an insect herbivore system to 
aid in the development of an integrated pest management system (Kuhlmann et al. 
2005).  This research explores how two factors, natural enemies and transgenic Bt 
corn, contribute to the suppression of larval western corn rootworm.   
The western corn rootworm Diabrotica virgifera virgifera (Coleoptera: 
Chrysomelidae) is an important pest of corn in the United States (Krysan 1986, 
Levine and Oloumi-Sadeghi 1991) and, more recently, in Europe (Kiss et al. 2005, 
Miller et al. 2005).  This univoltine pest lays eggs in the soil in late summer and 
larvae hatch the following summer (Levine and Oloumi-Sadeghi 1991).  Following 
hatch, larvae locate and feed on a corn root, a host on which this pest is effectively 
monophagous (Moeser and Hibbard 2005).  The larval stage of D. v. virgifera is 
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largely responsible for injury to corn, as larval feeding on roots inhibits absorption of 
water and nutrients (Riedell 1990) and can also diminish the photosynthetic rate and 
reduce the height in the corn plant (Urias-Lopez et al. 2000).  The injury due to larval 
feeding can lead to goose necked, or lodged, corn plants that are difficult to harvest 
and result in reduced yields (Spike and Tollefson 1991).  Billions of dollars have 
been lost as a result of yield loss and investments into control methods for D. v. 
virgifera (Levine and Oloumi-Sadeghi 1991).  Current management techniques used 
to control D. v. virgifera include the use of soil-applied insecticides, neonicotinoid 
seed treatments, crop rotation and transgenic corn plants (Vidal and Edwards 2005).   
Soil habitats contain naturally occurring entomopathogenic nematodes (Stock 
et al. 1999, Griffin et al. 2000, Canhilal et al. 2006) and entomopathogenic fungi 
(Doberski and Tribe 1980, Zimmermann 1993, Bidochka et al. 1998, Klingen et al. 
2002, Lewis et al. 2002, Shah and Pell 2003, Kabaluk and Ericsson 2007) that are 
capable of killing a variety of soil-borne insects in the field.  The presence of 
naturally occurring populations of the entomopathogenic fungi Metarhizium 
anisopliae (Hypocreales: Clavicipitaceae) and Beauveria bassiana (Hypocreales: 
Cordycipitacea), and entomopathogenic nematodes (Steinernema spp. and 
Heterorhabditis spp) has been documented in corn field soil by numerous studies 
(e.g. Bing and Lewis 1993, Pilz et al. 2008).  These entomopathogens are often 
recovered from the soil using the insect baiting method (Bedding and Akhurst 1975).  
There are many examples of entomopathogenic nematodes (Jackson & Brooks 
1989, Toepfer et al. 2005)  and fungi (Mulock and Chandler 2001, Pilz et al. 2007) 
acting efficaciously against D. v. virgifera in the lab, but less consistent results have 
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been documented in field experiments (Journey and Ostlie 2000, Bruck and Lewis 
2001, Toepfer and Kuhlmann 2004).   
Nematodes from the families Steinernematidae and Heterorhabditidae are 
obligate entomopathogens that have been isolated from various hosts in surveys 
across the world (Rueda et al. 1993, Griffin et al. 2000, Canhilal et al. 2006, 
Koppenhofer 2007, Pilz et al. 2007).  Nematodes in the infective juvenile stage 
invade the host through natural openings and release symbiotic bacteria from their 
intestine into the host hemolymph, where the bacteria multiply and kill the host.  
Nematodes develop and propagate within the host, feeding on both bacterial and 
host tissues, and a new generation of infective juveniles can emerge in great 
numbers to search for hosts (Kaya and Gaugler 1993).  Commensal and free- living 
nematodes can utilize a dead host insect for nutrition, so parasitism by field isolated 
nematodes needs to confirmed (Kaya and Stock 1997).  
Numerous studies have demonstrated the ability of entomopathogenic 
nematodes to control larval D. v. virgifera (Nickle et al. 1994, Journey and Ostlie 
2000, Toepfer et al. 2005, Toepfer et al. 2008, Kurtz et al. 2009).  Recent studies 
indicate that nematodes show the greatest efficacy against D. v. virgifera when they 
are applied at planting and in high moisture conditions (Kurtz et al. 2009, Toepfer et 
al. 2010).  Field (Journey and Ostlie 2000) and laboratory (Jackson and Brooks 
1995, Kurtz et al. 2009) studies have reported that entomopathogenic nematodes 
can be more effective against late instar D. v. virgifera larvae than early instar 
larvae.  To prevent nematodes from existing in the soil for weeks without available 
host insects, Journey and Ostlie (2000) suggested that nematode application timing 
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should be based on the phenology of D. v. virigifera.  A more recent study showed 
that numerous species of entomopathogenic nematodes persist in the soil from two 
to five months post-application.  This implies that D. v. virgifera phenology at the 
time of application is not as important as previously thought, because the nematodes 
can persist in the soil throughout the pest’s development (Kurtz et al. 2007).  
The entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae 
are common in the soil and can control a variety of insect populations (Lewis et al. 
2002, Shah and Pell 2003).  Host insects are infected by contact with conidia in the 
soil.  The conidia germinate, penetrate the host’s cuticle and grow inside of the host.  
Following host death, the fungi emerges and often covers the host as it continues to 
produce new conidia (Hajek and St. Leger 1994).  Multiple studies using the insect 
baiting technique have led to the conclusion that M. anisopliae is a ubiquitous and 
abundant entomopathogenic fungus found within exposed fields that experience 
regular disruption of soil, such as agricultural fields (Bidochka et al. 1998, Steenberg 
1995, Meyling and Eilenberg 2007).   
Research has documented that both B. bassiana and M. anisopliae are 
capable of close associations with plants, but the ecological importance of these 
associations are not entirely clear (Meyling and Eilenberg 2007).  Association of B. 
bassiana with corn plants can occur naturally and can reduce the amount of damage 
incurred from an insect pest (Bing and Lewis 1993).  Metarhizium anisopliae can 
persist significantly better in the rhizosphere, which is defined as the soil 
immediately surrounding the root, than in the bulk soil (Hu and St. Leger 2002, Bruck 
2005).  A recent study found increased corn yield from seeds treated with M. 
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anisopliae, and pest insect cadavers infected with the fungi were recovered from the 
plot, suggesting that M. anisopliae may be able to colonize the rhizosphere in field 
corn (Kabaluk and Ericsson 2007).  Since larval D. v. virgifera aggregate on the 
roots (Fisher and Bergman 1986, Strnad and Bergman 1987) they could be largely 
influenced by a rhizosphere competent strain of M. anisopliae.  Based on a higher 
natural abundance in agroecosystem soils and its demonstrated rhizosphere 
competence, M. anisopliae appears to have greater potential than B. bassiana to 
control D. v. virgifera in temperate cornfields. 
The use of genetically engineered crops has grown steadily in the last decade 
and genetically engineered corn comprised 86% of all corn planted in the United 
States in 2010 (Economic Research Service, 2010).  Insecticidal proteins, 
transformed into corn from the bacterium Bacillus thuringiensis (Bt), are produced in 
transgenic Bt corn varieties.  Some of these toxins control damage from D. v. 
virgifera larvae (Moellenbeck et al. 2001), and the first commercialized transgenic Bt 
corn designed to control D. v. virgifera larvae was introduced in 2003 (Vaughn et al. 
2005).  Isoline refers to a corn hybrid that is nearly identical to a corresponding Bt 
hybrid, but not containing the Bt gene.  There are many benefits associated with the 
use of transgenic Bt corn to control D. v. virgifera, such as reduced insecticide use 
and increased safety to farmers and non-target organisms (Rice 2003).  Many 
insects have evolved resistance to various control strategies, including resistance of 
D. v. virgifera to soil insecticides (Ball and Weekman 1962, Wright et al. 2000) and 
the practice of crop rotation (Levine & Oloumi-Sadeghi 1996, Levine et al. 2002).  
Currently, there have been no documented cases of D. v. virgifera resistance to Bt 
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corn, but recent studies have found resistance of other pests to the Bt toxin and 
even field evolved resistance of certain moths to Bt crops (Tabashnik et al. 2003, 
Tabashnik et al. 2009, Storer et al. 2010).  A recent laboratory selection study 
suggested that D. v. virgifera are capable of evolving resistance to Bt after selection 
for just 3 generations (Meihls et al. 2008).  Clearly, a resistance management plan is 
necessary to delay resistance of D. v. virgifera to Bt corn.   
A current resistance strategy to maintain control of D. v. virgifera by Bt corn 
involves a seed blend of 90% Bt and 10% isoline corn (Environmental Protection 
Agency 2010).  The intended function of the refuge is to slow resistance by providing 
a location for susceptible insects to survive (Tabashnik et al. 2008).  Blending isoline 
and Bt corn within a field is intended to slow D. v. virgifera resistance by increasing 
the likelihood that any resistant insects emerging from Bt will mate with susceptible 
insects emerging from a nearby isoline plant.  Davis and Onstad (2000) predicted 
that the rate of European corn borer resistance to Bt corn would be increased in 
blended fields compared to separate plantings of Bt and isoline corn.   
Laboratory tests revealed a relative insensitivity of D. v. virgifera to the Bt 
toxin compared to other target insects, so the Bt toxins controlling larval D. v. 
virgifera are not considered to be high dose (Siegfried et al. 2005, Meihls et al. 
2008).  Bt corn targeting larval D. v. virgifera provides protection of corn yield, but 
average adult emergence from Bt corn was observed to be 3.5% that of isoline corn 
in a field study by Storer et al. (2006).  Though a small number of insects are able to 
survive to emergence on Bt corn, a developmental delay has been observed in D. v. 
virgifera feeding on Bt corn in the field (Storer et al. 2006) and in the laboratory 
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(Lefko et al. 2008).  This developmental delay on Bt corn could have important 
implications for larval interactions with soil-borne entomopathogens. There is 
currently a debate regarding whether or not Bt crops have substantial negative 
effects on natural enemies (Lovei et al. 2009), but most recent reviews and meta-
analyses conclude that direct negative effects are absent or insubstantial (Shelton et 
al. 2009).  Furthermore, Bt crops do not appear to have any direct effects on soil-
borne entomopathogens, based on numerous studies measuring the response of 
soil-borne microbial communities to Bt crops (Lundgren et al. 2009).   
Though Bt does not appear to have direct negative effects on natural 
enemies, research has documented that effects of plant defensive traits on natural 
enemies of the herbivore in a tritrophic system can be negative or positive (Johnson 
et al. 1997, Gassmann and Hare 2005).  Studies examining tritrophic interactions 
among a host plant, soil insect pest and entomopathogenic nematodes showed that 
susceptibility of an insect host to a natural enemy can be affected by the host plant 
(Barbercheck 1993, Barbercheck et al. 1995, Eben and Barbercheck 1996).  
Rasmann et al. (2005) found that certain corn varieties respond to herbivore feeding 
damage by releasing a belowground signal, (E)-β-caryophyllene, which attracts an 
entomopathogenic nematode.  Further research into this system shows that 
nematodes are more effective at reducing D. v. virgifera adult emergence from corn 
emitting the signal than from non-emitting corn (Hiltpold et al. 2010).  The specific 
interactions among Bt corn, larval D. v. virgifera and entomopathogenic fungi and 
nematodes are understudied, and control of D. v. virgifera larvae could potentially be 
achieved via enhancement of natural populations of entomopathogenic fungi and 
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nematodes, utilizing conservation biological control.  Host plants are capable of 
significantly affecting the efficacy of entomopathogenic nematodes against an 
herbivore pest, but specific data regarding the interactions among Bt corn, larval D. 
v. virgifera and entomopathogenic nematodes and fungi are lacking.  Although there 
are other pathogens in the soil that are likely to be contributing to the control of 
natural populations of D. v. virgifera, entomopathogenic nematodes and fungi are 
thought to have the most potential to control this important pest species (Kuhlmann 
et al. 1998, Toepfer et al. 2009).  Further research examining the fundamental 
ecology of the interactions within this tritrophic system is a necessary first step in 
evaluating the use of entomopathogenic fungi or nematodes as part of an integrated 
pest management program to control larval D. v. virgifera (Meyling and Eilenberg 
2007, Pell et al. 2010).   
Based on quantitative models by Gould et al. (1991), the rate of adaptation to 
Bt is increased when a natural enemy preferentially attacks the susceptible insects, 
and decreased when a natural enemy preferentially attacks resistant insects.  
Behavioral changes such as altered movement, and physiological changes such as 
increased development time, can be caused by host plant resistance of Bt crops 
(Johnson et al. 1997).  Behavior of larval D. v. virgifera is influenced by Bt corn, 
exhibited by larval feeding preference for isoline corn over Bt corn in both the field 
(Hibbard et al. 2005) and laboratory (Clark et al. 2006).  This preference could lead 
to greater larval movement in a blend of Bt corn and isoline corn, and increased 
movement of susceptible D. v. virgifera larvae on Bt plants could lead to greater 
mortality than resistant larvae due to increased exposure to entomopathogens 
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(Johnson and Gould 1992, Johnson et al. 1997).  Similarly, larvae that experience 
delayed development on Bt corn can be more susceptible to effects of natural 
enemies (Reardon et al. 2004). 
The adoption of Bt crops has promoted conservation biological control by 
changing the agroecosystem in a way that benefits much of the natural enemy 
community, and recent studies from various tritrophic systems have documented 
compatibility between Bt crops and biological control (Romeis et al. 2006, Lawo et 
al. 2008, Lundgren et al. 2009).  Following the identification of important naturally 
occurring pathogens of larval D. v. virgifera, research should focus on determining 
the effect of Bt corn on the efficacy of each specific pathogen.  My research has the 
following objectives: identify naturally occurring soil-borne entomopathogens of D. v. 
virgifera larvae throughout Iowa; test for preferential larval feeding between Bt and 
isoline corn; and test how the presence of entomopathogens affects D. v. virgifera 
survival, development and feeding on a blend of Bt and isoline corn. 
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CHAPTER 2.  OCCURRENCE OF ENTOMOPATHOGENIC FUNGI AND 
NEMATODES IN CORN FIELDS: SURVEY OF PATHOGENS ATTACKING 
LARVAL WESTERN CORN ROOTWORM DIABROTICA VIRGIFERA VIRGIFERA 
A paper to be submitted  
Melissa L. Rudeen1, Jennifer Petzold1, Stefan Jaronski2, Aaron J. Gassmann1 
Abstract 
Entomopathogenic fungi and nematodes are ecologically important pathogens of 
soil-borne arthropods.  The western corn rootworm Diabrotica virgifera virgifera 
LeConte (Coleoptera: Chrysomelidae) is a major soil-borne pest of corn Zea mays L. 
in both the United States and Europe, where larval feeding on corn roots can cause 
severe economic losses.  During the fall of 2008 and 2009, we sampled five corn 
fields in Iowa that displayed a high abundance of D. v. virgifera and measured 
incidence of naturally occurring entomopathogenic fungi and nematodes.  
Entomopathogens were sampled by exposing three insect species: D. v. virgifera, 
Tenebrio molitor L. (Coleoptera: Tenebrionidae) and Galleria mellonella L. 
(Lepidoptera: Pyralidae) to field soil using the insect baiting method.  Follow-up 
laboratory bioassays were conducted with select field isolated nematode strains and 
fungal isolates to test efficacy relative to standard commercialized  
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entomopathogens.  We report a high prevalence of naturally occurring 
entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae in corn 
fields.  Nematodes were present, but at lower abundance than fungi.  
Entomopathogenic activity of select field isolated nematode strains was 
tested against larval G. mellonella and results suggest that not all strains were 
entomopathogenic.  Fungal follow-up bioassays showed that select fungal field 
isolates of M. anisopliae were more efficacious against D. v. virgifera larvae than a 
standard commercial isolate.  Of the entomopathogens observed, M. anisopliae 
appears to have the greatest potential to control D. v. virgifera in temperate 
cornfields.   
Introduction 
 The western corn rootworm, Diabrotica virgifera virgifera LeConte 
(Coleoptera: Chrysomelidae) is an important pest of corn in the United States 
(Levine and Oloumi-Sadeghi 1991) and has spread into Europe through multiple 
introductions since 1992 (Kiss et al. 2005, Miller et al. 2005).  This univoltine pest 
lays eggs in the soil in late summer and larvae hatch the following summer (Levine 
and Oloumi-Sadeghi 1991).  Larval feeding on corn roots can inhibit absorption of 
water and nutrients (Riedell 1990) and can also diminish the photosynthetic rate and 
reduce the height of the corn plant (Urias-Lopez et al. 2000).  Injury to corn roots can 
lead to lodged plants, which are angled at the soil surface and result in reduced 
yields due to their difficulty to harvest (Spike and Tollefson 1991).  Billions of dollars 
have been lost to reduced yields and investments into control methods for D. v. 
virgifera (Levine and Oloumi-Sadeghi 1991). 
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 Integrated pest management (IPM) relies on the combination of various types 
of management strategies to suppress the targeted pest population, including 
cultural, biological and chemical control (Kogan 1998).  Natural enemies can be an 
important source of mortality in herbivore pests, such as in the natural regulation of 
whiteflies by numerous natural enemies (Naranjo 2001).  Conservation biological 
control focuses on enhancing conditions for natural enemies that are already present 
in the system, and success of this type of control requires an understanding of the 
ecology of the pest and its natural enemies (Meyling and Eilenberg 2007, Pell et al. 
2010).  It is possible for a natural enemy to haphazardly experience optimal field 
conditions (Steinkraus et al. 1995), but it is usually necessary to apply some form of 
conservation control to enhance the efficacy of a natural enemy.  Developing 
integrated pest management strategies can be enhanced by understanding the 
natural enemy community, which in turn can facilitate conservation biological control 
(Kuhlmann et al. 2005).   
 Current management of D. v. virgifera consists primarily of soil insecticides, 
crop rotation and transgenic Bt corn plants (Vidal & Edwards 2005).  Insecticidal 
proteins, transformed into corn from the bacterium Bacillus thuringiensis (Bt), are 
produced in transgenic Bt crop varieties.  The use of Bt corn and cotton has grown 
steadily in the last decade; they were grown on 50.3 million hectares worldwide in 
2009 (James 2009), and some of these toxic proteins control damage from D. v. 
virgifera larvae (Moellenbeck et al. 2001). 
 This research explores how natural enemies, specifically entomopathogenic 
fungi and nematodes, may contribute to controlling larval D. v. virgifera.  Soil 
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habitats contain naturally occurring entomopathogenic nematodes (Stock et al. 
1999, Griffin et al. 2000, Canhilal et al. 2006) and fungi (Doberski and Tribe 1980, 
Zimmermann 1993, Bidochka et al. 1998, Klingen et al. 2002, Shah and Pell 2003) 
that are capable of killing a variety of soil-borne insects.  Although there are other 
types of pathogens in the soil, nematodes and fungi are thought to have the most 
potential to control D. v. virgifera (Kuhlmann and van der Burgt 1998, Toepfer et al. 
2009).  This survey focused on the occurrence of the entomopathogenic fungi 
Metarhizium anisopliae (Hypocreales: Clavicipitaceae) and Beauveria bassiana 
(Hypocreales: Cordycipitacea), and entomopathogenic nematodes (Steinernema 
spp. and Heterorhabditis spp.) in corn field soils across the Midwest US.  In Europe, 
natural populations of these entomopathogens have been shown to kill D. v. virgifera 
larvae and pupae (Kuhlmann et al. 1998, Toepfer and Kuhlmann 2004, Pilz et al. 
2007, 2008, 2009), but little research has focused on characterizing the complex of 
soil entomopathogens attacking larval D. v. virgifera in the United States. 
 Nematodes from the families Steinernematidae and Heterorhabditidae are 
obligate entomopathogens that have been isolated from various hosts in surveys all 
over the world (Rueda et al. 1993, Hominick et al. 1996, Griffin et al. 2000, Canhilal 
et al. 2006, Koppenhofer 2007, Pilz et al. 2007).  Infective juvenile nematodes 
invade the host through natural openings and release symbiotic bacteria from their 
intestine into the host hemolymph, where the bacteria multiply and kill the host (Kaya 
and Gaugler 1993).  Nematodes propagate within the host, feeding on both bacterial 
and host tissues, and a new generation of infective juveniles can emerge in great 
numbers to search for new hosts (Kaya and Gaugler 1993).  Commensal and free- 
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living nematodes can utilize a dead host insect for nutrition, so parasitism by field 
isolated nematodes needs to be confirmed (Kaya and Stock 1997).  
 The entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae 
are common in the soil and can contribute to controlling a variety of insect species 
(Bing and Lewis 1993, Lewis et al. 2002, Shah and Pell 2003, Jaronski 2007).  After 
infecting a live insect host, under humid conditions, the fungi kill the host and then 
grow to cover the insect cadaver (Goettel and Inglis 1997).  Both species of fungi 
have wide host ranges (Hajek and St. Leger 1994), but individual isolates can vary in 
their efficacy in different environments and against different host insects (Bidochka 
et al. 1998, Wraight et al. 2007).  Both B. bassiana and M. anisopliae are capable of 
close associations with plants, but the ecological importance of these associations 
are not entirely clear (Meyling and Eilenberg 2007).  Association of B. bassiana with 
corn plants occurs naturally and can reduce damage to the plant due to an insect 
pest (Bing and Lewis 1993).  Metarhizium anisopliae has been found to persist 
significantly better in the rhizosphere of a plant, which is defined as the soil 
immediately surrounding the root, than in the bulk soil (Hu and St. Leger 2002, Bruck 
2005).  Close association between a fungus and plant has been shown to affect the 
susceptibility of an herbivore to its natural enemies (Kunkel and Grewal 2003).  This 
type of association will affect the interactions within the tritrophic system of D. v. 
virgifera larvae, the corn plant and natural enemies. 
 Characterizing the natural community of entomopathogens is the first step 
toward developing a strong conservation biological component of IPM to control D. 
v. virgifera, as it provides basic information on naturally occurring entomopathogens 
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in cornfield soil and also gives insight into how these entomopathogens can 
contribute to the natural regulation of the pest.  The adoption of Bt corn in the United 
States has changed the agroecosystem in a way that appears to promote 
conservation biological control, because Bt crops often have fewer harmful effects 
on biological control agents compared with conventional insecticides (Romeis et al. 
2006, Lawo et al. 2008, Lundgren et al. 2009).  The objectives of this study were to 
survey natural populations of entomopathogenic fungi and nematodes in cornfields 
throughout Iowa and to identify important entomopathogens of D. v. virgifera larvae.  
Understanding the ecology of each participant and their interactions within this 
tritrophic plant-herbivore-natural enemy system is necessary to develop a strong 
conservation biological control component of an IPM approach to controlling D. v. 
virgifera (Meyling and Eilenberg 2007, Pell et al. 2010).    
Materials and Methods 
 Insects.  The Diabrotica virgifera virgifera used in the survey came from a 
field-derived laboratory strain in 2008 and from a standard non-diapausing 
laboratory strain in 2009.  The standard strain was also used in the follow up 
bioassays in 2009.  Both strains were originally obtained from the United States 
Department of Agriculture’s North Central Agricultural Research Laboratory in 
Brookings, South Dakota.  The standard strain has been raised in the Brookings 
laboratory since the early 1970s (Branson 1976; Kim et al. 2007) and a colony of this 
strain has been maintained at Iowa State University since April 2009.  The field 
strain was originally obtained from a strain started in 2004 in Brookings by crossing 
wild type males from the field with non-diapausing females from the standard strain 
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(Chad Nielson Brookings, South Dakota, personal communication).  The 2004 strain 
was selected for individuals showing short diapause to create a strain with a short 
diapause hatching pattern.    
 All D. v. virgifera larvae used in the survey were obtained from eggs laid by 
beetles into 10 cm diameter Petri dishes filled with field soil sieved through a 180 μm 
mesh.   In 2008, following recovery via rinsing the soil through a 250 μm mesh, 600-
900 eggs were suspended in a solution of water and 0.15% agar (Palmer et al. 
1977) and placed into 0.95 L containers (Pactiv Showcase Clear 32 oz. Container, 
Johnson Paper & Supply Co., Minneapolis, Minnesota) containing a mat of 40 ml of 
untreated germinated corn seedlings and 200 g of a 50:50 mix of potting soil 
(Sunshine Mix #1 LC1, Sungro, Vancouver, British Columbia Canada) and field soil 
moistened with 60 ml of deionized water.  Larvae of various instars were collected 
from the trays using Berlese funnels; water-filled vials at the bottom of each funnel 
were checked daily and larvae were transferred to 600 ml containers with an 
abundance of germinated corn seedlings.  Approximately 30 larvae and ca. 20 
freshly germinated corn seedlings were enveloped in a moist paper towel (Brown 
Singlefold Towels 23504, Georgia Pacific, Atlanta, Georgia) and placed into a 600 
ml container. Containers were stored in an environmental chamber (Model I41LLC8, 
Percival, Perry, Iowa) at 25°C and 65% humidity, and corn was replaced as 
necessary to allow larval development to the third instar.  Larval D. v. virgifera 
exposed to soil in the 2009 survey and used in the follow-up fungal bioassays were 
raised to the appropriate instar by transferring newly hatched neonate larvae directly 
26 
 
into 600 ml containers with isoline corn and a moist paper towel, as described 
above.  
 Fifth instar Galleria mellonella larvae were obtained from a laboratory culture 
maintained at the United States Department of Agriculture laboratory (Corn Insects 
and Crop Genetics Research) in Ames, Iowa, following King and Hartley (1985).  
The larvae were freeze-treated for 13-15 minutes at ca. -10° C to prevent silk 
production and pupation (King and Hartley 1985).  Late instar Tenebrio molitor 
larvae were obtained commercially in 2008 (Jax Outdoors, Ames, Iowa) and in 2009 
(Earl May Inc., Ames, Iowa) and stored at ca. 4°C until use. 
 Soil Sampling.  Samples of soil were collected from 9 to 18 October in 2008 
and from 23 September to 18 October in 2009 from five cornfields in Iowa (Fig.1).  
We collected soil from areas with high D. v. virgifera populations, supposing those 
areas likely to have D. v. virgifera entomopathogens.  To ensure that each site had 
high D. v. virgifera abundance, all sites had been planted to corn for at least two 
years and were either the previous year’s trap crop and/or had evidence of lodged 
corn.  A trap crop is corn that was planted late in the previous year’s season to 
attract high numbers of adults that lay eggs in the field (Hokkanen 1991).  Lodged 
plants can be a consequence of high levels of D. v. virgifera larval feeding on the 
roots (Spike and Tollefson 1991).  At each field site, six soil samples were taken at 
≥15 m apart.  Each sample was collected using a shovel and consisted of 
approximately 5 L of soil along with the root mass of one corn plant.  Samples were 
placed in 13-gallon plastic bags and returned to the laboratory, where the soil was 
sifted through a ca. 1.5 cm2 sieve and subsamples stored in 1 quart plastic Ziploc 
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bags at ca. 4°C.  In each year, we collected six samples at each of five sites for a 
total of 30 soil samples.  We collected field soil to autoclave for control containers 
from site E (Fig. 1), where the soil texture was loam and soil composition was 
determined by the Iowa State Soil Analysis Laboratory to be 50.3% sand, 29% silt 
and 20.7% clay.   
 Sampling for Entomopathogens.  Entomopathogens were recovered from 
the soil using an insect baiting method (Bedding and Akhurst 1975) with D. v. 
virgifera, G. mellonella and T. molitor as bait insects.  Each sample of field soil was 
divided into three separate 600 ml plastic containers, one for each insect species.  
The D. v. virgifera treatments each contained 50 ml of soil and the G. mellonella and 
T. molitor treatments each contained 150 ml of soil.  Ten 1 cm long pieces of 
associated corn root tissue were also added to each container.  Deionized water 
was added to fully saturate the soil in each container and similar moisture was 
maintained among all containers.  Six insects of eachspecies were placed into a 
container of each of the six soil samples collected at each site.  In total 36 insects of 
each species were exposed to soil from each of the five sites, for a total of 180 
insects of each species exposed to field soil. 
 Experimental controls were run in the same 600 ml containers for each insect 
species and were handled in a similar manner as other treatments, but controls 
consisted of either field soil that had been autoclaved for 1 hour at 121°C, or 
moistened paper towels (Brown Singlefold Towels 23504, Georgia Pacific, Atlanta, 
Georgia).  Autoclaved field soil used in control containers in the survey was from site 
E (Fig. 1), the Johnson Farm, an Iowa State University research and demonstration 
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farm in Ames, Iowa.  In 2008, for each combination of insect species with 
experimental control (autoclaved soil or paper towel), two replicates were 
established with six insects each.  In 2008 a total of 24 insects of each of the three 
species were run as experimental controls, whereas in 2009, each site had 24 
control insects of each species.   
 Each container was covered with a lid to retain moisture and held in darkness 
in an environmental chamber at 27°C and 65% humidity for 11 days.  Every two to 
three days during this time, containers were checked and dead larvae were removed 
and placed on a modified White trap (White 1927, Kaya and Stock 1997).  After 
removing dead larvae, containers were inverted to encourage larval movement 
through the soil.  White traps were constructed by lining the bottom of a 35 mm 
diameter Petri dish bottom with moistened filter paper (Whatman grade 1 paper, 
Fisher Scientific, Pittsburgh, Pennsylvania) and floating this dish inside a 100 mm 
diameter Petri dish filled with distilled water.  This technique enables growth of fungi 
on the host insect and collection of infective juvenile nematodes as they emerge 
from the host.  
 The experiment was conducted between 22-31 October in 2008 and also 
between 21 October 2009 and 16 January 2010.  In 2009, the first set of G. 
mellonella was discarded due to control contamination.  The containers were not 
sufficiently clean and B. bassiana infected 18 out of 120 G. mellonella in the control 
containers, so we re-exposed G. mellonella to soil from all five sites in early January 
2010.  Also in 2009, the D. v. virgifera were re-exposed to soil from three of the five 
sites because the larvae were too old at exposure in the first run, so that a high 
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number pupated early in the experiment.  The experiment was redone for all five 
sites with G. mellonella and for three of the five sites with D. v. virgifera.   
 Entomopathogen Identification.  Each insect cadaver that was placed into 
a White trap was observed for signs of infection by B. bassiana, M. anisopliae, or 
nematodes.  Fungal growth was tracked and recorded for each individual insect and 
initially identified based on morphological characteristics (Brady 1979).  Fungal 
growth was encouraged by placing the cadaver into a White trap for at least 2 weeks 
prior to plating on semi-selective media (Goettel and Inglis 1997).  Conidia from 
suspected M. anisopliae samples were streaked onto plates of Veen & Ferron’s 
medium (Veen and Ferron 1966) and suspected B. bassiana samples were streaked 
onto plates of a variation of this media that was developed as a semi-selective 
media for B. bassiana (Doberski and Tribe 1980).  Following at least seven days of 
incubation at 27° C in the dark, each plate was observed for fungal growth on the 
semi-selective medium to confirm its initial identification.   
 Nematode-infected insects were initially identified using a dissecting 
microscope to observe characteristic morphological traits of the host insect.  
Nematode infection was recognized by a color change in the host insect (brick red in 
Heterorhabditis spp. and grey in Steinernema spp.) and a lack of mold growth on the 
host insect (Kaya and Stock 1997, Koppenhofer 2007).  The observation of 
nematodes on the cadaver and/or in the water trap was used as a second indication 
of nematode infection, and both types of observations were required to classify a 
cadaver as nematode-killed.   
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 Fungal Bioassays.  Fungal bioassays were conducted in the laboratory from 
9 July to 9 September, 2010 to test the efficacy of some field-isolated fungal isolates 
against D. v. virgifera larvae.  The soil used in the assays was collected from field E 
(Fig. 1), air dried, sieved through a 600 μm mesh and stored at room temperature 
until use.  Fungal concentrations were set at a level expected to kill 50% of the 
larvae, based on preliminary observations.  In the low concentration experiment, the 
M. anisopliae was applied at a concentration of 6.09 x 105 spores per gram of dry 
soil and the B. bassiana was applied at a concentration of 1.33 x 106 spores per 
gram of dry soil.  In the high concentration experiment, each type of fungi was 
applied at a rate one order of magnitude higher than in the low concentration 
experiment.  Each experimental unit contained 30 grams of inoculated soil, prepared 
at an initial water holding capacity of 25% in both experiments (Macdonald and Ellis 
1990).   
 One commercial strain and two field-isolated strains of each species of 
fungus were tested for efficacy against D. v. virgifera larvae.  The commercial fungal 
strains, B. bassiana GHA and M. anisopliae F52, were obtained from the USDA-
ARS collection of Stefan Jaronski, where they were produced using solid state 
fermentation on a barley substrate (Grace and Jaronski 2005).  Both field-isolated B. 
bassiana strains were isolated from larval D. v. virgifera, with strain 6A isolated from 
the 2008 survey and strain 2E from the 2009 survey.  The field-isolated M. 
anisopliae strains 3A and 3B were isolated from two insects that were both exposed 
to soil from the same sample, at location C (Fig. 1), in 2009. 
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 The GHA B. bassiana commercial strain was stored as dry spores, at 4°C, 
before being mixed into solution.  The four field-isolated strains and the F52 M. 
anisopliae strain were cultured on G. mellonella larvae. The G. mellonella were 
infected by dipping them into a concentrated spore solution (>1 x 106  spores per ml) 
for 5 seconds, placing them into sealed Petri dishes, and incubating the dishes in the 
dark at 27° C until the insects died (3-5 days).  Fungal growth was facilitated by 
placing cadavers into White traps (Kaya and Stock 1997).  Conidia were harvested 
by placing three to sevel fungal-covered G. mellonella cadavers (less than one 
month post-mortem) into a tube with 8 ml of 0.1% Tween solution and vortexing for 
at least two minues, sonicating for at least 10 minutes in a sonicator bath (Fisher 
Scientific Ultrasonic Cleaner, Model FS-30) followed by vortexing for at least one 
minute.  All spores were suspended in a 0.1% Tween 80 solution two days prior to 
the experiment.  Viability of each solution was determined the day before each 
replicate of the experiment by streaking a dilute solution of homogenous inocula 
onto sabouroud dextrose agar with yeast (SDAY) in Petri dishes and incubating the 
dishes in the dark at ca. 27 °C for ca. 18 hours (S. Jaronski, personal 
communication,Goettel and Inglis 1997).  Percent germination for each isolate was 
determined by using a compound scope at 400X magnification (Grace and Jaronski 
2005).  A hemocytometer was used to determine spore concentration of each fungal 
solution and dilutions were conducted as necessary to adjust the solution to the 
desired concentration.  In the low concentration experiment, the M. anisopliae 
solutions were prepared at 5.48 x 107 spores per ml and the B. bassiana solutions 
were prepared at 1.2 x 108 spores per ml.  In the high concentration experiment, 
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solutions were prepared at one order of magnitude higher than in the low 
concentration experiment.  One day prior to the experiment, each fungal solution 
was thoroughly mixed with the soil to achieve a uniform distribution of inoculum at 
the desired concentration and 25% water holding capacity.  The soil was stored at 4° 
C until use in the experiment the following day. 
 Bioassays were conducted using 44.4 cm3 containers with lids (Translucent 
Plastic Souffle Cup -1.5 oz, Solo Cup Company, Highland Park, Illinois).  Each cup 
contained three germinated corn seedlings (Pioneer 35F38, Pioneer Hi-Bred, 
Johnston, Iowa) for food, 30 g of soil mixed with various solutions at 25% water 
holding capacity, and six second instar D. v. virgifera larvae from the standard non-
diapausing strain.  Small holes in each lid facilitated air flow and larval escape was 
prevented by placing a fine mesh under each lid.  The containers were placed in a 
single layer between two plastic trays that were lined with paper towels, which were 
kept continually damp to retain a high moisture level in the containers.   
 There were six replicates of each fungal strain at each concentration, except 
in the high concentration of M. anisopliae F52, which had four replicates due to 
unavailability of viable spores.  Within each replicate, there were three containers 
per fungal strain and six first instar D. v. virgifera larvae per container.  Thus, a total 
of 72 insects were exposed to the high concentration of M. anisopliae F52 and 108 
insects were exposed to every other fungal strain, at each concentration.  Control 
containers were identical to treatment containers, but without fungal spores added to 
the 0.1% Tween solution.  Six control containers were run alongside each replicate, 
for a total of 216 control insects for each concentration.  Three containers with just 
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soil moistened to 25% water holding capacity with the 0.1% Tween solution were run 
alongside each replicate.  These containers were weighed every two to three days, 
water was added as necessary to maintain the initial moisture level, and the soil in 
treatment containers was compared to these containers and moistened with water 
as needed. 
 Nematode Bioassays.  An additional set of laboratory bioassays were 
conducted from 29 April to 17 May 2010 to determine which nematode strains, 
isolated from the field, were entomopathogenic.  Relative to the number of 
nematodes isolated from an individual G. mellonella or T. molitor larva in the survey, 
insufficient numbers of nematodes were captured emerging from individual D. v. 
virgifera larva, so we were not able to use nematodes isolated from D. v. virgifera in 
these laboratory bioassays.  Additionally, only 13.0% of the strains isolated in 2008 
and 57.1% of the nematode strains isolated in 2009 were still viable, and thus 
available for use in these experiments.  Entomopathogenic activity of ten nematode 
strains, isolated in the field survey from either G. mellonella or T. molitor (Table 1), 
was tested alongside two commercial strains of entomopathogenic nematodes, S. 
carpocapsae and H. bacteriophora (Becker Underwood, Ames, Iowa). 
 Bioassays were run in 10 cm Petri dishes, each lined with two pieces of filter 
paper (Whatman grade 2, 90mm, Fisher Scientific) and containing eight G. 
mellonella larvae.  Insects in each Petri dish were infected with ca. 1000 nematodes, 
suspended in 1.0 to 1.25 ml of deionized water.  Nematode solutions were stored in 
culture flasks at ca. 4° C until use in the experiment.  The concentration was set at 
800-1000 nematodes per ml of deionized water shortly before the experiment, using 
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a Sedgewick-Rafter counting chamber.  Dishes were incubated at ca. 27 °C in 
darkness for 4 days and mortality was checked at the end of the 4 day exposure.  
Five dishes, each with eight G. mellonella, were set up for each strain.  Five control 
dishes, which contained no nematodes but were otherwise identical to the treatment 
dishes, were placed alongside each experimental dish.  Thus, there were a total of 
40 insects exposed to nematode solution and 40 insects exposed to a water control 
solution for each of the 12 nematode strains.  
 Data Analysis.  Separate analyses were performed for each year of the 
survey.  Total mortality of each insect species was analyzed with a mixed model 
analysis of variance (ANOVA) using the PROC MIXED procedure in SAS 9.2 (SAS 
Institute Inc. 2008).  Insect and site were the fixed factors in the model, while 
container and its interactions were random effects.  Data were corrected for total 
control mortality using Abbott’s correction (Abbott 1925).  The least squares means 
were calculated in SAS 9.2 to determine when total mortality was significantly 
different from zero, with the significance level set at 0.0102 based on the Dunn-
Šidàk correction assuming five pairwise comparisons (Sokal and Rohlf 1995).    
 Larval mortality by each type of pathogen (B. bassiana, M. anisopliae and 
nematodes) was analyzed with a test of independence using PROC CATMOD.  
There was a small amount of control mortality caused by B. bassiana in G. 
mellonella larvae, so mortality due to B. bassiana in the field soil was corrected by 
subtracting the average number of B. bassiana-infected G. mellonella larvae per 
control container from the total number of B. bassiana-infected G. mellonella larvae 
in each treatment container.  Factors in the analysis were site (five sites sampled 
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across Iowa, see Fig. 1), insect (G. mellonella, T. molitor or D. v. virgifera) and 
pathogen (B. bassiana, M. anisopliae, or nematodes).  This analysis revealed a 
significant interaction between pathogen and insect and also indicated that pathogen 
abundance differed among sites in 2008 (Table 4).  To understand the nature of 
these interactions, we conducted G tests (following Sokal and Rohlf 1995) that 
compared larval mortality among the three pathogen treatments, within each insect.  
Additional G tests were conducted to compare larval mortality among the three 
insects within each pathogen type.  In 2009, G tests were conducted to compare 
mortality across pathogen type (with the insect species pooled) and mortality across 
insect species (with the pathogen types pooled).  Williams’s correction (following 
Sokal and Rohlf) was applied to each G test and the signifance level was set at 
0.017 based on the Dunn-Šidàk correction assuming three multiple comparisons. 
 Proportion mortality data in the fungal bioassays were corrected for control 
mortality using Abbott’s correction.  T-tests were performed to compare mortality 
across fungal isolates, within each concentration.  Since comparisons were made 
among all six fungal isolates, the significance level was set at 0.0034 for all of the t-
tests conducted in this analysis, based on the Dunn-Šidàk correction assuming 15 
pairwise comparisons.  In the nematode bioassay, mortality data were compared 
between treatment and control within each strain using t-tests.  Since there was a 
separate control associated with each treatment and they were compared to each 
other, the significance level was set at 0.05.  
Results 
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 Survey.  In 2008, larval mortality was significantly affected by an interaction 
between site and insect, and in 2009 it was significantly affected by site (Table 2).  In 
2008, significant mortality was observed in three of the five sites (B,C and D, see 
Fig. 1).  This mortality was observed in three instances for G. mellonella and once 
for T. molitor (Fig. 2A).  In 2009, significant mortality was observed in the same three 
sites, in three instances for G. mellonella, one instance for T. molitor and two 
instances for D. v. virgifera (Fig. 2B).  In both years, there were instances of all three 
insect species killed by each of the entomopathogens B. bassiana, M. anisopliae 
and nematodes (Fig. 3, Table 3).  
 In 2008, the analysis incorporating pathogen and insect as factors revealed a 
significant interaction between pathogen and insect and also indicated that pathogen 
abundance differed among sites (Table 4).  Within G. mellonella, B. bassiana 
caused significantly greater mortality than M. anisopliae (G = 14.00, df = 1, P = 
0.0002) and nematodes (G = 27.11, df = 1, P < 0.0001) (Fig. 3).  Within T. molitor, 
there was no difference in mortality caused by B. bassiana and M. anisopliae (G = 
3.04, P = 0.0814) or B. bassiana and nematodes (G = 1.05, df = 1, P = 0.3057), but 
M. anisopliae caused significantly greater mortality than nematodes (G = 7.60, df = 
1, P = 0.0058).  Within D. v. virgifera, nematodes caused significantly greater 
mortality than B. bassiana (G = 8.89, df = 1, P = 0.0029) and mortality from M. 
anisopliae was not significantly different from the other pathogens (G < 3.73, df = 1, 
P > 0.05).   
 In 2009, larval mortality was significantly affected by both pathogen and 
insect (Table 4).  Pooled across pathogen, there was significantly greater mortality in 
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G. mellonella than in T. molitor (G =19.77, df = 1, P < 0.0001) and mortality was 
significantly greater in both of these species than in D. v. virgifera (G < 19.13, df = 1, 
P < 0.0001) (Fig. 2, 3).  Pooled across insect, there was no significant difference 
between mortality caused by B. bassiana and M. anisopliae (G =3.45, df = 1, P = 
0.0631), but both fungal species caused significantly greater mortality than 
nematodes (G > 6.06, df = 1, P < 0.0138) (Fig. 3).   
 Bioassays.  In the nematode bioassays, there was significantly greater 
mortality in the treatment compared to the control in two of the 10 field isolated 
strains (df = 8, P < 0.013) (Fig. 4).  Strain 1 was isolated from a G. mellonella larva 
and strain 2 was isolated from a T. molitor larva, but both strains were isolated from 
an insect exposed to soil from site E in the 2008 survey (Table 1).  There was 
significantly greater mortality caused by the 2 standard commercial strains, S. 
carpocapsae and H. bacteriophora, compared to their controls (df = 8, P < 0.001).  In 
strain 8, there was significantly greater mortality observed in the control than in the 
treatment (df = 8, P = 0.028).  In the survey, nematodes were found in 8.38% of 
insects in 2008 and 1.39% in 2009 (Table 3), but the follow-up assays showed that 
many of the nematodes found in the survey were probably non-entomopathogenic.  
 In the fungal bioassays, there were no significant differences across fungal 
strains at the low concentration (df = 34, P > 0.074) (Fig. 5).  At the high 
concentration the two field isolated strains of M. anisopliae, 3A and 3B, caused 
significantly greater D. v. virgifera larval mortality than both the standard F52 M. 
anisopliae (df = 28, P < 0.003) and the three B. bassiana isolates (P < 0.0003) (Fig. 
5).   
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Discussion 
 Integrated pest management (IPM) relies on the combination of various types 
of management strategies to suppress the target pest population (Kogan 1998), and 
research has demonstrated that natural enemies can be an important source of 
mortality in herbivore pests (Naranjo 2001).  Identifying natural enemies of larval D. 
v. virgifera is an essential first step in developing an effective conservation biological 
control program, and this study documents the occurrence of the entomopathogenic 
fungi M. anisopliae and B. bassiana and entomopathogenic nematodes in corn field 
soil in Iowa, USA.  Research examining the abundance and ecology of soil-borne 
natural enemies of D. v. virgifera in Europe has reported low levels of natural 
occurrence of entomopathogenic B. bassiana, M. anisopliae, and nematodes in D. v. 
virgifera (Toepfer and Kuhlmann 2004, Pilz et al. 2007, Pilz et al. 2008, Toefper et 
al. 2009).  Although rates were low, we observed infection of larval D. v. virgifera by 
soil-borne entomopathogens (Table 3).  These data demonstrate that corn fields can 
sustain soil-borne entomopathogen populations, which may have the potential to be 
manipulated to contribute to the control of D. v. virgifera. 
 The observation that natural populations of soil entomopathogens can be 
patchy (Campbell et al. 1996, Chandler et al. 1997, Meyling and Eilenberg 2007, 
Campbell et al. 2008) was supported in this survey by the significant variation in 
pathogen abundance across the corn field sites (Fig. 2).  Larval D. v. virgifera will 
move through the soil in search of food (Strnad and Bergman 1987, Hibbard et al. 
2004), which could increase the rate they encounter patches of soil pathogens (e.g. 
Johnson et al. 1997).  Entomopathogens killed low rates of D. v. virgifera relative to 
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G. mellonella and T. molitor (Table 3), which is likely due to the fact that G. 
mellonella and T. molitor are not soil-dwelling species and are less likely than D. v. 
virgifera to have developed resistance to naturally occurring soil-borne 
entomopathogens (Goettel and Inglis 1997).  Based on high levels of infection in G. 
mellonella and T. molitor exposed to field soil in this survey, the entomopathogenic 
fungi appear to be more prevalent than nematodes in Iowa corn field soil (Fig. 3).  In 
general, the entomopathogenic fungi M. anisopliae and B. bassiana have broad host 
ranges (Roberts and St. Leger 2004, Hajek et al. 2007), but isolates can vary in their 
effectiveness against different insect species (Bidochka et al. 1998, Wraight et al. 
2007).  Identification of effective soil-borne entomopathogens of D. v. virgifera larvae 
is an important early step in developing an IPM program incorporating conservation 
biological control. 
 Insect control using fungi of the genus Metarhizium is becoming increasingly 
common, as these fungi have been shown to occur naturally all over the world and 
infect a broad range of insects (Roberts and St. Leger 2004).  Multiple studies using 
the insect baiting technique have found that M. anisopliae is a ubiquitous and 
abundant entomopathogenic fungus found within exposed fields that experience 
regular disruption of soil, such as agricultural fields (Bidochka et al. 1998, Steenberg 
et al. 1995, Meyling and Eilenberg 2007).  Larval D. v. virgifera infected with M. 
anisopliae were observed in both years of the survey (Fig. 2C,D), and the field 
isolates of this fungi were more efficacious than the standard commercial isolate 
against D. v. virgifera in the follow-up experiment (Fig. 5).  Studies have documented 
the capability of M. anisopliae to closely associate with plant roots (Hu and St. Leger 
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2002, Bruck 2005), and fungus-plant associations can affect the susceptibility of an 
herbivore to its natural enemies (Kunkel and Grewal 2003).  A recent study found 
increased corn yield from seeds treated with M. anisopliae, and pest insect cadavers 
infected with the fungus were recovered from the plot, suggesting that M. anisopliae 
may be able to colonize the rhizosphere in field corn (Kabaluk and Ericsson 2007).  
Since larval D. v. virgifera aggregate on the roots (Fisher and Bergman 1986, Strnad 
and Bergman 1987) they could be largely influenced by a rhizosphere competent 
strain of M. anisopliae.  Based on a higher natural abundance in agroecosystem 
soils and its demonstrated rhizosphere competence, M. anisopliae appears to have 
greater potential than B. bassiana to control D. v. virgifera in temperate cornfields. 
 Tritrophic systems, such as the system involving Bt corn, larval D. v. virgifera 
and natural enemies involve complex interactions that can vary depending on many 
factors (Price et al. 1980, Gould et al. 1991, Gould 1998).  Behavioral changes in 
insects such as altered movement, and physiological changes such as increased 
development time, can be caused by host plant resistance of Bt crops (Johnson et 
al. 1997).  Compared with conventional insecticides, Bt crops often have minimal 
negative effects on naturally occurring biological control agent candidates (Romeis 
et al. 2006, Lundgren et al. 2009).  Entomopathogenic fungi and the Bt toxin can act 
against a pest additively (Lewis 1991, Costa et al. 2001, Meissle et al. 2009).  There 
is also evidence of synergism between Bt and both fungal species, M. anisopliae 
(Lawo et al. 2008) and B. bassiana (Wraight and Ramos 2005).  Increased insect 
movement (Johnson and Gould 1992) and a prolonged development time (Wraight 
and Ramos 2005) can affect host susceptibility to a pathogen.  Recent studies 
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demonstrate that Bt corn can influence larval movement (Hibbard et al. 2005, Clark 
et al. 2006) and it can cause a developmental delay in larval D. v. virgifera (Storer et 
al. 2006, Lefko et al. 2008).  Further research examining the fundamental ecology of 
each component within this tritrophic system is an essential step in evaluating the 
use of specific entomopathogens as part of an integrated pest management program 
to control larval D. v. virgifera (Landis et al. 2000, Meyling and Eilenberg 2007, Pell 
et al. 2010).   
 From this study, we can draw the conclusion that entomopathogenic 
nematodes are present in corn field soil in Iowa (Fig. 4).  The low rate of nematode 
occurrence across all insects could be due to a combination of factors, as nematode 
infectivity can vary across time (Hominick et al. 1996) and can also be strongly 
affected by the soil characteristics (Ebssa et al. 2001, Susurluk 2006, Toepfer et al. 
2010).  In part due to the small body size and fragile integument of the host (Jackson 
and Brooks 1995, Kurtz et al. 2007), low numbers of IJ nematodes emerged from D. 
v. virgifera larvae and it was very difficult to propagate entomopathogenic 
nematodes in this species.  Combining the known susceptibility of larval D. v. 
virgifera to entomopathogenic nematodes (Jackson and Brooks 1995) and the 
presence of this natural enemy in the pest’s habitat, we can speculate that 
entomopathogenic nematodes are contributing to the control of larval D. v. virgifera 
in Iowa corn fields. 
 Mortality due to unknown sources was seen in all insect species and at all 
sites in our survey, implying that there are other factors (in addition to fungi and 
nematodes) acting against insects in the soil.  Research on natural mortality factors 
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affecting larval D. v. virgifera has focused heavily on entomopathogenic fungi and 
nematodes (Toepfer et al. 2009), and there has been limited research to identify 
viruses and bacteria that may be attacking this pest.  Pingel and Lewis (1997) 
observed similar control of a soil-dwelling larval species achieved between Bt and a 
nucleopolyhedrovirus applied in the field, displaying that soil insects such as D. v. 
virgifera larvae could be susceptible to viruses in the field.  Jackson et al. (2001) 
found that some strains of bacteria can cause a fatal disease in a grub insect and a 
recent laboratory study identified a strain of soil bacteria associated with corn roots 
that appears to have potential to control D. v. virgifera larvae (Prischmann et al. 
2008).  Further research examining the interactions between larval D. v. virgifera 
and bacteria or viruses associated with the soil or the corn plant is necessary, and 
could lead to the identification of additional strong candidates for conservation 
biological control.   
 Our research indicates the presence of entomopathogens in corn fields 
throughout Iowa and demonstrates that their distributions vary across fields, and 
even within fields.  These data suggest that the entomopathogenic fungi M. 
anisopliae and B. bassiana are prevalent in the soil and that some isolates can kill 
larval D. v. virgifera.  An IPM approach to suppress this pest could be improved by 
manipulating the soil habitat to optimize the efficacy of naturally occurring 
entomopathogens against D. v. virgifera.  Thus, further research examining the 
ecology of the three specific components of this tritrophic system is important if 
conservation biological control is to be successfully utilized to control this pest.  
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Figures 
 
 
 
Figure 1.  Corn field sites in Iowa sampled for soil entomopathogens during fall of 
2008 and 2009. 
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Figure 2.  Total corrected mortality pooled across insect species in A) 2008 and B) 
2009. Bar heights are sample means and error bars are the standard error of the 
mean.  Letters on the x-axis are sites sampled as indicated in Figure 1, and the y-
axis indicates the overall proportion of each insect killed at each site, corrected for 
control mortality using Abbott’s correction.  Asterisks indicate a significant difference 
from zero. 
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Figure 3.  Mortality due to entomopathogens, across insect and site.  Data are 
present for B. bassiana in A) 2008 and B) 2009, for M. anisopliae in C) 2008 and D) 
2009, and for nematodes in E) 2008 and F) 2009.  Bar heights are sample means 
and error bars are the standard error of the mean.  Letters on the x-axis indicate 
sites sampled as indicated in Figure 1.  The y-axis describes the average number of 
insects killed per container by each pathogen, corrected for control mortality due to 
that pathogen. 
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Figure 4.  Mortality of G. mellonella from field and standard strains of nematodes in 
laboratory assays.  The x-axis indicates the strain of nematode and the y-axis 
describes the proportion of insects killed by each strain.  Bars are sample means 
and error bars are the standard error of the mean.  Asterisks indicate significantly 
higher mortality in the nematode treatment compared to the control, within each 
nematode strain.   
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Figure 5.  Mortality of D. v. virgifera larvae from field and standard fungal isolates in 
laboratory assays.  The x-axis indicates the fungal isolate and the y-axis describes 
the proportion of insects killed by each isolate, corrected for control mortality using 
Abbott’s correction.  Letters denote differences in mortality across fungal isolates, 
within the high concentration treatment.  
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Tables 
Table 1. Source of each nematode field-isolated strain tested in the follow-up 
nematode bioassays. 
nematode 
strain # 
host 
insect 
site sample # 
within site 
year 
isolated 
from survey 
1 T. molitor E 2 2008 
2 G. mellonella E 2 2008 
3 G. mellonella E 1 2008 
4 G. mellonella E 2 2008 
5 T. molitor A 2 2008 
6 G. mellonella D 2 2008 
7 G. mellonella E 1 2009 
8 G. mellonella E 1 2009 
9 G. mellonella E 3 2009 
10 T. molitor D 3 2009 
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Table 2.  Mixed-model analysis of variance for total larval mortality in the survey.  
Site refers to where the soil samples were obtained (5 sites, see fig. 1) and insect is 
the species of insect larvae exposed to the soil (G. mellonella, T. molitor or D. v. 
virgifera) 1For PROC MIXED in SAS, P values for random effects are based on a 
one-tailed test. 
Fixed Effects Numerator df Error df F Value        P 
2008 
 Site            4    20   2.40   0.0839  
 Insect            2    50 41.96 <0.0001 
 Site x Insect            8    50   3.98   0.0010 
2009   
 Site            4    20   8.38   0.0004  
 Insect            2    10   3.45   0.0726 
 Site x Insect            8    40   1.02   0.4375 
Random Effects1 df     χ2          P 
2008 
 Container 1    0.0   0.5000 
 Container x Site 1  19.7 <0.0001  
2009  
 Container 1   0.0   0.5000 
 Container x Site  1   0.3   0.2920  
 Container x Insect 1     1.6   0.1030 
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Table 3.  Percentage of each insect species killed by each pathogen, or unknown, 
source in each year of the survey.  Data corrected for control mortality within each 
source of mortality using Abbott’s correction. 
2008 B. bassiana M. anisopliae nema-
todes 
Unk-
nown 
total 
mortality  
D. v. 
virgifera 
1.11 1.89 5.78 5.48 14.26 
G.mello-
nella 
35.66 15.87 10.48 3.85 65.87 
T. molitor 
 
12.23 18.89 8.89 1.23 41.23 
total 
mortality  
16.33 12.22 8.38 3.52  
2009 B. bassiana M. anisopliae nema-
todes 
Unk-
nown 
total 
mortality  
D. v. 
virgifera 
0.56 2.22 1.39 30.83 34.99 
G. mello-
nella 
22.05 16.11 2.22 13.47 53.85 
T. molitor 
 
2.78 15.00 0.56 11.55 29.88 
total 
mortality  
8.46 11.10 1.39 18.62  
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Table 4. CATMOD Procedure for larval mortality in the survey.  Site refers to where 
the soil samples were obtained (5 sites, see fig. 1), insect is the species of insect 
larvae exposed to the soil (G. mellonella, T. molitor or D. v. virgifera) and pathogen 
is the type of pathogen that was the cause of larval death (B. bassiana, M. 
anisopliae or nematodes). 
                    2008                          2009 
Factors      df     χ2          P    χ2        P 
Site   4   4.33       0.3632   7.10      0.1307 
Insect   2 18.79     <0.0001   8.94      0.0114 
Pathogen   2    1.14       0.5646   6.65      0.0359 
Site x Insect   8   2.36       0.9680   2.92      0.9393 
Site x Pathogen       8              18.77       0.0162 11.19      0.1912 
Insect x Pathogen         4                9.73       0.0452   6.72      0.1512 
Site x Insect x  16                7.37       0.9655   6.53      0.9813 
Pathogen   
 
 
 
 
 
 
 
 
 
61 
 
CHAPTER 3.  EFFECTS OF BT AND ENTOMOPATHOGENS ON SURVIVAL AND 
DEVELOPMENT OF LARVAL WESTERN CORN ROOTWORM DIABROTICA 
VIRGIFERA VIRGIFERA (COLEOPTERA: CHRYSOMELIDAE)  
A paper to be submitted  
Melissa L. Rudeen1, Aaron J. Gassmann1 
Abstract 
Larval Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) live in the 
soil and feed on corn roots.  Transgenic corn, Zea mays L., expressing genes from 
Bacillus thuringiensis Berliner (Bt) is widely used to control D. v. virgifera in North 
America.  Soil-dwelling entomopathogenic fungi and nematodes also may affect 
survival of larval D. v. virgifera.  We conducted laboratory, greenhouse and field 
experiments to examine the effects of Bt corn (producing Cry34Ab1/35Ab1) and 
isoline (non-Bt) corn on behavior, survival, and development of larval D. v. virgifera.  
We also tested effects of soil entomopathogens on D. v. virgifera development in the 
presence of Bt and isoline corn.  Results from laboratory feeding experiments 
indicated that larvae prefer to feed on isoline corn more than Bt corn.  In a 
greenhouse experiment, larval survival at 17 days did not differ significantly among 
isoline corn, Bt corn and a blend of the two.  However, larval development was 
hindered on Bt corn compared to either isoline or a blend.  Additionally, later instar 
larvae on isoline corn had lower survival at high concentrations of entomopathogenic  
____________________________________ 
1Graduate student and Assistant Professor, respectively, Department of 
Entomology, Iowa State University. 
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nematodes.  In a field experiment that tested larval survival and movement, the 
number of larvae recovered was higher from isoline than from Bt corn, and recovery 
decreased as distance from the infested plant increased.  These data suggest that 
Bt corn influences larval movement and development, which can influence the 
efficacy of entomopathogens against D. v. virgifera larvae. 
Introduction 
The western corn rootworm, Diabrotica virgifera virgifera (Coleoptera: 
Chrysomelidae), is an important pest of corn in the United States (Krysan and Miller 
1986, Levine and Oloumi-Sadeghi 1991) and, more recently, in Europe (Kiss et al. 
2005, Miller et al. 2005).  Adult beetles emerge in mid-summer and lay eggs in the 
soil during late summer (Levine and Oloumi-Sadeghi 1991).  The eggs diapause 
over the winter and larvae hatch the following spring and feed on corn roots, a host 
on which this pest is effectively monophagous (Moeser and Hibbard 2005).  The 
larval stage of D. v. virgifera is largely responsible for injury to corn, as larval feeding 
on roots inhibits absorption of water and nutrients (Riedell 1990) and can make the 
plant more susceptible to lodging (Spike and Tollefson 1991).  Additionally, larval 
feeding on roots can lead to a diminished photosynthetic rate and reduced height in 
the corn plant (Urias-Lopez et al. 2000).  Current management techniques used to 
control D. v. virgifera include the use of soil-applied insecticides, neonicotinoid seed 
treatments, crop rotation and transgenic corn plants (Vidal and Edwards 2005).   
Integrated pest management (IPM) relies on the combination of various types 
of management strategies to suppress the targeted pest population, including 
cultural, biological and chemical control (Kogan 1998).  Research has demonstrated 
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that natural enemies can be an important source of mortality for herbivorous pests, 
such as the natural regulation of whiteflies by numerous natural enemies (Naranjo 
2001).  Soil habitats contain naturally occurring fungal entomopathogens (Doberski 
and Tribe 1980, Zimmermann 1993, Bidochka et al. 1998, Shah and Pell 2003) and 
entomopathogenic nematodes (Stock et al. 1999, Griffin et al. 2000, Canhilal et al. 
2006) that are capable of killing a variety of soil-borne insects in the field.  Natural 
populations of entomopathogenic nematodes and fungi have the potential to act as 
biological control agents, as they have been shown to cause mortality in D. v. 
virgifera larvae and pupae (Kuhlmann and van der Burgt 1998, Toepfer and 
Kuhlmann 2004, Pilz et al. 2007, Pilz et al. 2008, Pilz et al. 2009).  There are 
numerous demonstrations of entomopathogenic nematodes and fungi acting 
efficaciously against D. v. virgifera in the lab, but less consistent results have been 
documented in the field (Jackson & Brooks 1989, Thurston and Yule 1990, Journey 
and Ostlie 2000).   
The use of genetically engineered crops has grown steadily in the last decade 
and genetically engineered corn comprised 86% of all corn planted in the United 
States in 2010 (Economic Research Service, 2010).  Transgenic Bt corn varieties 
produce insecticidal proteins that are transformed into corn from the bacterium 
Bacillus thuringiensis (Bt) and some Bt toxins control damage from D. v. virgifera 
larvae (Moellenbeck et al. 2001, Vaughn et al. 2005).  Isoline refers to a corn hybrid 
that is nearly identical to a corresponding Bt hybrid, but lacking the Bt gene.  There 
are many benefits associated with the use of transgenic Bt corn to control D. v. 
virgifera, such as reduced insecticide use and increased safety to farmers and non-
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target organisms (Rice 2003).  Insects can evolve resistance to various control 
strategies, including resistance of D. v. virgifera to both soil insecticides (Ball and 
Weekman 1962, Wright et al. 2000) and the practice of crop rotation (Levine & 
Oloumi-Sadeghi 1996, Levine et al. 2002, Pierce and Gray 2006).  Currently, there 
have been no documented cases of D. v. virgifera resistance to Bt corn, but recent 
studies have found resistance of other pests to the Bt toxin and even field evolved 
resistance of certain moths to Bt crops (Tabashnik et al. 2003, Tabashnik et al. 
2009, Storer et al. 2010).  
A resistance management plan may delay resistance of D. v. virgifera to Bt 
corn (Gould 1998).  To maintain the control of D. v. virgifera by Bt corn, one current 
resistance strategy utilizes seed blends of Bt and 10% isoline corn (Environmental 
Protection Agency 2010).  The intended function of the refuge is to slow resistance 
by providing a location for susceptible insects to survive (Tabashnik et al. 2008).  
Replacing separate block refuges with blended refuges is intended to slow D. v. 
virgifera resistance by increasing the likelihood that any resistant insects emerging 
from Bt will mate with susceptible insects emerging from a nearby isoline plant.  
Due to its ability to control insect pests, Bt corn can be considered a form of 
host-plant resistance (Gould 1998).  Studies examining tritrophic interactions among 
a host plant, soil insect pest and entomopathogenic nematodes show that the 
susceptibility of an insect host to its natural enemies can be affected in various ways 
by the host plant (Barbercheck 1993, Barbercheck et al. 1995, Eben and 
Barbercheck 1996).  For example, certain corn varieties respond to herbivore 
feeding injury by releasing a belowground signal, (E)-β-caryophyllene, which attracts 
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an entomopathogenic nematode (Rasmann et al. 2005).  The nematodes are more 
effective at reducing D. v. virgifera adult emergence from corn emitting the signal 
than from non-emitting corn (Hiltpold et al. 2010).  Bt crops do not appear to have 
direct negative effects on natural enemies (Marvier et al. 2007, Lundgren et al. 2009, 
Shelton et al. 2009), but research has shown that effects of plant defensive traits on 
natural enemies in a tritrophic system can have negative or positive effects on the 
herbivore (Johnson et al. 1997, Bottrell et al. 1998, Gassmann and Hare 2005).  The 
interaction between Bt crops and natural enemies can vary from synergistic to 
antagonistic depending on factors such as the natural enemy (Johnson et al. 1997) 
or on the method of exposure (Farrar et al. 2004, Liu et al. 2006). 
The adoption of Bt crops has promoted conservation biological control in 
various tritrophic systems by changing the agroecosystem in a way that benefits 
much of the natural enemy community (Romeis et al. 2006, Lawo et al. 2008, 
Lundgren et al. 2009).  Specific interactions among Bt corn, larval D. v. virgifera and 
entomopathogens are understudied, but some speculation can be made based on 
research in similar tritrophic systems.  Behavioral changes such as altered 
movement and physiological changes such as increased development time can be 
caused by host plant resistance of Bt crops (Johnson et al. 1997).  Behavior of larval 
D. v. virgifera can be influenced by Bt corn, such as in the observed larval feeding 
preference for isoline corn over Bt corn in both the field (Hibbard et al. 2005) and 
laboratory (Clark et al. 2006).  This preference could lead to greater larval movement 
in a blend of Bt corn and isoline corn, and increased movement of susceptible D. v. 
virgifera larvae on Bt plants could lead to greater mortality than resistant larvae due 
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to increased exposure to soil-borne entomopathogens (Johnson and Gould 1992, 
Johnson et al. 1997).  Similarly, larvae that experience delayed development on Bt 
corn can be more susceptible to effects of natural enemies (Reardon et al. 2004).  
Control of D. v. virgifera larvae could possibly be achieved via enhancement of 
natural populations of entomopathogens.  
The objective of this study was to observe larval D. v. virgifera feeding 
preference, development, survival and movement in response to various 
combinations of Bt corn and isoline corn.  We also tested for interactions between 
entomopathogens and Bt corn in affecting D. v. virgifera development and survival.  
Testing for larval feeding preference between Bt corn and isoline corn was 
conducted in the laboratory, while a greenhouse experiment tested larval survival 
and development on different combinations of Bt and isoline corn.  A field 
experiment was conducted to test larval movement and survival in a corn field with 
both Bt and isoline corn present.  Effects of an added pathogen were tested in both 
the greenhouse and field experiments.  The entomopathogenic nematode 
Steinernema carpocapsae comprised the pathogen treatment in a greenhouse 
experiment, while the added pathogen treatment in a field experiment was 
comprised of a mixture of the entomopathogenic fungi Metarhizium anisopliae and 
Beauveria bassiana and the entomopathogenic nematode Steinernema 
carpocapsae. 
Materials and Methods 
Diabrotica virgifera virgifera.  Eggs and larvae from a standard non-
diapausing strain were used both in the preference and field experiments and eggs 
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from a second, field-derived strain, were used in the greenhouse experiment.  Both 
strains were originally obtained from the United States Department of Agriculture’s 
North Central Agricultural Research Laboratory in Brookings, South Dakota.  The 
standard strain has been raised in the Brookings laboratory since the early 1970’s 
(Branson 1976, Kim et al. 2007) and a colony of this strain has been maintained at 
Iowa State University since April 2009.  The field strain was originally obtained from 
a strain started in 2004 in Brookings by crossing wild type males from the field with 
non-diapausing females from the standard strain, which was selected for individuals 
showing short diapause to create a strain with a short diapause hatching pattern.  A 
colony of this field strain has been maintained at Iowa State University since 
summer 2008.  Eggs were collected by placing 10 cm Petri dishes, filled with soil 
sieved through a 180 μm mesh, in the bottom of the cage for 24 hours.  Eggs were 
recovered by rinsing soil through a 250 μm mesh, and eggs were suspended at a 
concentration of 100 eggs per mL in a solution of water and 0.15% agar (Palmer et 
al. 1977).   
 Corn.  The corn used in these experiments was supplied by Pioneer Hi-Bred 
(Johnston, Iowa).  The Bt corn was hybrid 35F44, which contained the event DAS-
59122-7 and expressed the Cry34Ab1 and Cry35Ab1 proteins.  The isoline corn was 
hybrid 35F38, which was nearly identical to the Bt hybrid, but lacked the DAS-
59122-7 event.  Western corn rootworm larvae were reared on isoline corn. 
Preference experiment.  The experimental unit was a 10 cm Petri dish lined 
with filter paper (Whatman grade 2, 90mm, Fisher Scientific) that was trimmed to fit 
neatly inside of the dish.  Perpendicular pencil lines across the center of the filter 
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paper divided it into four quadrants of equal size.  Each dish contained two Bt and 
two isoline root pieces, with one root piece in each quadrant.  Roots of each hybrid 
(Bt or isoline) were placed in opposite quadrants within each dish, with the center of 
each root piece placed 3 cm from the center of the dish.  The filter paper was 
moistened with 1 ml of deionized water and one larva was placed in the center of 
each Petri dish using a fine paintbrush.  Shortly before larvae were transferred into 
the Petri dish, instar was estimated based on larval body size and a comparison of 
head capsule width with voucher specimens (Hammack et al.  2003).  All dishes 
were sealed with parafilm to retain moisture and were kept in darkness at ca. 25°C 
and 65% humidity in an environmental chamber (Model I41LLC8, Percival, Perry, 
Iowa).  At 12, 14, 16 and 18 hours following placement of larvae into dishes, we 
recorded mortality, position, and behavior of each larva.  Root pieces were Pioneer 
35F44 (Bt) or 35F38 (isoline) seedlings, which did not receive any type of seed 
treatment.  Seeds were first soaked in deionized water overnight and then placed in 
saturated paper towels (Brown Singlefold Towels 23504, Georgia Pacific, Atlanta, 
Georgia) for ca. one week to allow germination and growth of radical root.  
Approximately 16 seeds were placed in each paper towel and multiple paper towels 
with seeds were stacked inside 0.95 L plastic containers (Pactiv Showcase Clear 32 
oz. Container, Johnson Paper & Supply Co., Minneapolis, Minnesota) with ca. 5 
small holes in the lid to allow for ventilation.  The distal 2.5 cm of each tap root was 
removed with a razor blade shortly before placement into the Petri dish.  
Eight treatments were tested in the preference experiments.  For three of 
these treatments larvae were raised to first-, second- or third instar, in 0.95 L trays.  
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Each tray contained a mat of 40 ml of germinated isoline corn seedlings (34M94) 
and 200 g of a 50:50 mix of potting soil (Sunshine Mix #1 LC1, Sungro,) and field 
soil moistened with 60 ml of water.  In another two treatments, larvae were raised to 
late first and early second instar by placing ca. 50 larvae and ca. 20 freshly 
germinated isoline corn seedlings in a moist paper towel and placing the towel into a 
600 ml container. Containers were stored in an environmental chamber at 25°C, 
65% humidity.  After feeding on isoline seedlings for ca. 3-5 days, larvae were fed 
either Bt (35F44) or isoline (35F38) corn in a pre-exposure Petri dish for 48 hours 
immediately preceding placement into the experimental dishes.  Another two 
treatments used naïve neonate larvae, placed into the experiment directly following 
hatch.  These two treatments were identical to each other, except that in one of the 
treatments the root was sealed each cut root tip with a drop of hot glue to prevent 
larvae from directly entering into the exposed root tissue.  The final treatment used 
neonates that were fed Bt corn in a pre-exposure Petri dish for one week 
immediately preceding placement into the experiment.   
Larvae were raised on isoline corn in 0.95 L trays by placing 600-900 ca. 10-
day old D. v. virgifera eggs in agar solution into each tray, approximately twice a 
week.  Eggs were allowed to hatch and develop in trays until they reached the 
appropriate instar to be used in the assay.  All first-, second- and third instar D. v. 
virgifera larvae were transferred directly into the experiment Petri dishes from these 
trays. Naïve neonate larvae were obtained by collecting newly hatched (within two 
days) larvae from Petri dishes containing finely sieved soil and eggs.  Treatments 
involving pre-exposure of larvae were conducted by placing larvae into Petri dishes 
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lined with moist filter paper, with each dish containing 12 intact germinated corn 
seedlings and 12 larvae.  The larvae exposed to Bt corn for one week immediately 
preceding the experiment were raised to late first and early second instar (22% 
seconds) on Bt corn and then placed into experiment Petri dishes.  The filter paper 
in each pre-exposure Petri dish was moistened with an additional 0.5 ml of deionized 
water on day five of pre-exposure to maintain a moist environment.  All pre-exposure 
dishes were individually sealed with parafilm and kept in darkness at ca. 25°C and 
65% humidity in an environmental chamber until larvae were transferred into the 
experiment dishes after 48 hours or one week, depending on the treatment.  Larval 
mortality in each dish was recorded following the 48 hour pre-exposure.  All corn 
seedlings used in pre-exposure dishes were individually rated for feeding injury on a 
scale of zero to four, with a rating of four being the highest level of feeding and 
indicating a complete lack of remaining root tissue.  The feeding injury ratings were 
conducted to observe any difference in larval feeding between Bt and isoline corn.   
The location, mortality status, and behavior of each larva were observed with 
a compound microscope at 12, 14, 16 and 18 hours after the experiment was 
initiated.  The location was determined by noting which quadrant the larva’s head 
was inside.  Larval behavior was classified as either feeding on root tissue, or not 
feeding on root tissue.  To estimate the amount of tissue consumed by each larva, 
wet weight of each root piece was collected shortly before being placed into the 
assay and dry weight of each root piece was measured following the experiment.  
Root weights were not measured in the three experiments conducted with early 
instars because consumption of root tissue was expected to be minimal.  Dry 
71 
 
weights were measured after the root pieces were in a drying oven at 60° C for at 
least 48 hours and placed at room temperature for at least 48 hours to allow for 
moisture stabilization. 
Greenhouse experiment.  The greenhouse experiment included two 
treatments, added pathogen and planting type, which were fully crossed.  There 
were three levels of added pathogen: 1) a low rate of Steinernema carpocapsae 
solution (10 IJs/cm2 soil surface area) 2) a high rate of S. carpocapsae solution (100 
IJs/cm2 soil surface area) 3) an experimental control in which no nematodes were 
added, but pots were otherwise treated the same as the low and high nematode 
treatments.  There were three different plantings: 1) two Bt plants per pot (pure Bt), 
2) two isoline plants per pot (pure isoline), and 3) a blend of one Bt plant and one 
isoline plant per pot (blend).  The experiment consisted of three blocks and each 
block contained three sub-blocks except the final block, which contained just two 
sub-blocks.  Eggs collected from a single petri dish, laid over two to three days, were 
placed into each sub-block.  There were four replicates of each of the nine 
treatments in each sub-block.  Thus, each treatment was replicated a total of 32 
times over the entire experiment (3 blocks x 8 or 12 replicates per block). 
Plastic 2.8 liter pots with five holes (ca. 1.5 cm diameter) in the bottom (Elite 
Nursery Container 1 gallon pot, greenhousemegastore.com) were filled with ca. 
220g of dry soil (Sungro, Sunshine Mix #1 LC1) and saturated with water before 
planting.  The corn seed used was Pioneer 35F44 (Bt) and Pioneer 35F38 (isoline).  
All pots were maintained over ca. 40 days at Iowa State University in a greenhouse 
with supplemental lighting (16:8 light: dark).  The first six blocks were conducted 
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between 27 February 2009 and 30 April 2009 and the final two blocks were 
conducted between 22 July 2009 and 6 September 2009.  Four corn seeds were 
planted ca. 3 cm deep and ca. 4 cm apart in each pot and approximately one week 
after planting, each pot was thinned to two plants.  Each pot was placed into a 
plastic saucer (20 cm diameter, www.saferbrand.com) to prevent nematodes from 
washing out, and pots were watered by filling the saucer with water ca. twice a 
week.  Approximately one week and three weeks after planting, pots were fertilized 
by adding a solution of Miracle Gro-All purpose plant food (Scotts Miracle-Gro 
Company Marysville, Ohio) at a concentration of 3.9 ml fertilizer per liter of water.  A 
gentle shower was applied to the tops of the pots as necessary to maintain soil 
moisture and pots were randomized within blocks weekly.  When plants were 
approximately two and a half weeks old, ca. 100 D. v. virgifera eggs suspended in 1 
ml of a 0.15% agar solution were placed into each pot.   Each block utilized eggs 
from a single petri dish that contained 17 to 18 day-old eggs.  Eggs were applied into 
a 3 cm deep furrow that was ca. 10 cm wide and spanned the space between the 
two plants in each pot.  The furrow was covered with soil immediately following egg 
placement into the soil.  Hatch was expected on day 19, but a subset of each egg 
set was set aside at 25°C in 10 cm Petri dishes to confirm date of hatch.   
Entomopathogenic nematodes, Steinernema carpocapsae, were maintained 
and cultured in the laboratory through rearing in Galleria mellonella L. (Lepidoptera: 
Pyralidae) (Kaya and Stock 1997).  The infective juvenile (IJ) nematodes were 
collected using White traps (White 1927, Kaya and Stock 1997).  Nematode 
solutions were strained through a 38 μm sieve to isolate live IJs, diluted to the 
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appropriate concentration with deionized water, and stored in culture flasks at ca. 4° 
C until use in the experiment.  Solution concentrations were determined by directly 
counting the number of nematodes in a dilute solution, using a Sedgewick-Rafter 
counting chamber.  The nematode solution was applied to the pots within 24 hours 
of when D. v. virgifera eggs were added and IJs were not more than two weeks old 
at application.  The low concentration treatment consisted of 10 ml of water with ca. 
1,539 nematodes per pot (10 nematodes per cm2 soil surface) and the high 
concentration consisted of 100 ml of solution with ca. 15,390 nematodes per pot 
(100 nematodes per cm2 soil surface).  Solution was poured between the two plants 
in each pot, into the same furrows where eggs were placed (ca. 3 cm deep by ca. 10 
cm long), and was covered immediately by a layer of soil.  All pots, including those 
with no added pathogen, were watered shortly following nematode solution 
application to the soil.    
Seventeen days following initiation of significant hatch (greater than 2%) was 
observed in the laboratory, plants were cut off just above the uppermost root and 
root masses with accompanying soil were placed onto Berlese funnels for 72 hours 
to recover D. v. virgifera larvae (Hibbard et al. 2003).  A five megapixel camera 
(Moticam 2500, Motic, Xiamen, China) attached to a Lieca MZ6 stereo dissecting 
scope was used to capture a dorsal picture of the head capsule of each larva at 40X 
to 64X magnification and the program Motic Images Plus 2.0 (Motic, Xiamen, China) 
was used to measure head capsule widths from the images.  Head capsule width of 
each larva was translated into instar following Hammack et al. (2003). 
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Following extraction of larvae from soil with Berlese funnels, root masses with 
soil were returned to pots and saturated with water.  After rehydrating overnight, 
roots were gently washed to remove soil and were evaluated for feeding injury.  Root 
injury was scored by counting the total number of roots visibly fed on per root mass.  
A root was defined as having been fed on if there was less than 3.8 cm of intact 
tissue below the point where the root had entered the soil.  Injured tissue was 
browned and often dotted with holes from D. v. virgifera larval entry.  After being 
scored for injury, roots were placed in a drying oven at ca. 60°C for at least 72 
hours.  Roots were removed and placed at room temperature for at least 48 hours 
before dry weights were measured.   
Field experiment.  This study was conducted in the summer of 2009 
between 3 June 2009 to 17 August 2009 at an Iowa State University research and 
demonstration farm in Ames, Iowa (Ag 450 Farm).  The soil texture was loam and 
soil composition was determined by the Iowa State soil analysis lab, department of 
agronomy, to be 50.3% sand, 29% silt and 20.7% clay.  To assure an absence of 
naturally occurring D. v. virgifera, the study was planted in a field in which soybeans 
had been grown during the previous year.   
Plots of corn consisted of 9 plants with a 1:8 ratio of isoline (Pioneer Brand 
35F40) to Bt (Pioneer Brand 35F44) (Fig. 1).  The plants were spaced 0.17 m within 
a row and rows were spaced 0.76 m apart.  The experimental design was a 
randomized complete block with two fully crossed treatments.  One factor was the 
position of the single isoline plant relative to the center plant.  There were four 
possible positions of the isoline plant: 1) the center plant (Center in Fig. 1) adjacent 
75 
 
to the center (P1 in Fig. 1) two plants from the center (P2 in Fig. 1), across the row 
from the center (P3 in Fig. 1).  A second factor was entomopathogen treatment and 
there were three treatments within this factor: 1) control with no added pathogens, 2) 
application of the entomopathogenic nematode S. carpocapsae, and 3) application 
of the entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae.  In 
the analysis, nematode and fungal treatments were pooled into a single pathogen 
treatment.  For the entire experiment there were a total of twelve treatment 
combinations, four positions of the isoline plant crossed with three entomopathogen 
treatments.   All treatment combinations were present within each block and a total 
of twelve blocks were planted, for a total of 144 replicates (plots).   
All plots were initially planted between 3 June, 2009 and 23 June, 2009.  Most 
likely as a result of the late planting time relative to surrounding corn fields, 
seedlings were dug up by various animals and replanting was necessary in many of 
the plots.  Replanting was conducted 7-12 days following initial planting of each 
block, and small numbers of additional plants were replaced as necessary.  Over 
99% of plants within each plot were planted within 12 days of each other, except for 
three plots which required from 7-16% replanted at 15-16 days.  Fencing was 
erected and rodent repellent (Molemax) was applied around the perimeter of the 
experimental field on 6/17/2009 to discourage further disturbance of the corn 
seedlings.  The center plant of each plot received 1,500 D. v. virgifera eggs 
suspended in 0.15% agar when the majority of plants were three to four weeks old 
and at ca. V6 leaf stage.  Four 7 cm deep holes were dug 6 cm from the center 
plant, equidistant from one another, and 2.5 ml (ca. 375 eggs) of the agar/egg 
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solution was poured into each hole and covered immediately with soil.  This 
methodology was employed because a previous study using artificial infestation of 
D. v. virgifera larvae in the field found that multiple infestation points around a corn 
plant can lead to higher larval recovery (Wilson et al. 2006).  Each time eggs were 
placed into a block (5 total blocks), ca. 375 eggs were placed into the soil around 
each of three isoline border row plants in the same manner to confirm larval survival 
in the field.   To detect any natural field population of D. v. virgifera in the soil, 48 
isoline control plants were planted in four blocks within the field on 23 June, 2009, 
with plants 40 cm apart and at least 1.5 m from plants in the treated plots. Though 
resistance of D. v. virgifera to crop rotation (Levine and Oloumi-Sadeghi 1996) has 
not yet been documented in Ames, Iowa, it could be present at a low level.  The field 
was sprayed with Roundup on 25 June, 2009 and 24 July, 2009 at a rate of 22 
oz/acre and plots were weeded and watered as necessary.    
 The fungal pathogen treatment consisted of a blend of three different strains 
of fungal inoculum.  Two commercial fungal strains and one field-isolated strain were 
each applied in three separate application methods.  The two commercial fungal 
strains, M. anisopliae F52 and B. bassiana GHA, were both obtained from the 
collection of Stefan Jaronski (United States Department of Agriculture, Agricultural 
Research Service, Sidney, Montana).  The field isolate was B. bassiana isolated 
from a D. v. virgifera individual that was exposed to corn field soil from 
Crawfordsville, Iowa.  The two commercial strains were stored as dry spores, at 4°C, 
and were mixed into a 0.1% Tween 80 solution shortly before application.  The B. 
bassiana noncommercial strain was cultured and maintained on sabouroud dextrose 
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agar with yeast (SDAY) in Petri dishes and incubated in the dark at ca. 27 °C 
(personal communication S. Jaronski; Goettel and Inglis 1997).  Conidia of the 
noncommercial strain were harvested by flooding SDAY plates with a 0.1% Tween 
80 solution and scraping the agar surface with a glass rod to suspend the inocula.  
Inocula from each isolate were vortexed to produce a homogenous solution and a 
hemocytometer was used to determine spore concentration and to adjust the 
solution to the desired concentration.  One application of fungi utilized fungal 
covered G. mellonella cadavers.  The G. mellonella were dipped into a concentrated 
spore solution, placed into sealed Petri dishes, and incubated in the dark at 27° C 
until death.  Cadavers were placed on 35 mm Petri dishes lined with moistened filter 
paper and floated in 10cm Petri dishes filled with distilled water to facilitate growth of 
the fungi (Goettel and Inglis 1997).  The nematode pathogen treatment consisted of 
S. carpocapsae IJs in solution.  Nematode IJs were cultured and prepared in the 
same manner as in the greenhouse experiment.   
Entomopathogenic fungi were applied via three different methods and 
nematodes were applied via two.  The first application method for fungi consisted of 
placing 1 mL of each strain (ca. 5x107 spores per mL) directly onto every seed in the 
plot as it was planted in the soil.  The second application occurred ca. 2 weeks 
before egg hatch and consisted of raking 1000 ml of solution containing each strain, 
at a rate of 4.98 x 1012 spores per acre (x 3 isolates = 1.49 x 1013 spores/ per acre), 
into furrows within the area surrounding the plants (see Fig. 1).  The third application 
occurred at the time of egg placement into the soil, and consisted of placing ca. 12 
fungal infected G. mellonella in 5 cm deep furrows between plants within the plot.  
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The first nematode application occurred concurrently with the first fungus 
application, ca. 2 weeks before D. v. virgifera egg hatch, and consisted of pouring 
1000 ml of nematode solution (75 nemas/cm2 soil surface area) into the application 
area (Fig. 1).  The second nematode application was simultaneous with both egg 
placement into the soil and the third fungus application, and consisted of placing ca. 
12 nematode infected G. mellonella (ca. one week post-mortem) between plants 
within each plot.  In all pathogen applications, the top 5 cm of soil in the application 
area was disturbed in the process of digging furrows, pouring pathogen solutions 
into the furrows and covering the solution.  Soil was not disturbed in a similar 
manner in the control plots.  Thus, the soil among plants was likely less compacted 
in the pathogen-treated plots compared to the control plots. 
Hatch of D. v. virgifera was monitored by observing a subset of eggs, placed 
in a Petri dish that was filled with field soil sieved through a 180 μm mesh and stored 
in an environmental chamber at ca.  25°C, 65% humidity, and 16:8 light: dark.  After 
ca. 18 days had passed since > 2% of eggs hatched, we sampled plants within each 
plot.   Leaf tissue from each sampled plant was tested for the expression of the Bt 
toxin using the Quickstix kit for Cry34Ab1 (EnviroLogix, Portland, ME).  Plants were 
sampled by cutting off the vegetative tissue just above the soil and then taking a soil 
core (ca. 0.875 L, 10.5 cm diameter by 10 cm deep) that was centered on the 
protruding plant.  We sampled the isoline plant, plus three randomly selected Bt 
plants from the remaining three positions (Fig. 1).   
Flotation in salt water has been used to recover beetles (Dhuyvetter et al. 
2005), and larval D. v. virgifera have been recovered from soil samples using a 
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combination of sieving and flotation techniques (Fisher et al. 1981, Bergman et al. 
1981).  Our current study utilized an adaptation of these methods, where each root 
stock and its accompanying soil were submerged in a salt water mixture of 416 ml 
salt (Road Runner Ice Melt) and 10 L water in a five gallon bucket.  The samples 
were soaked for at least 20 minutes and agitated by hand to ensure the soil was 
broken apart.  The larvae floated to the surface of the water and were transferred to 
vials containing 85% ethanol using a small paintbrush.  The roots and accompanying 
soil cores were stored individually in small burlap sacks for less than 24 hours before 
flotation.  Larvae were identified as D. v. virgifera using morphological characteristics 
and a dichotomous key (Mendoza and Peters 1964, Krysan 1986, Stehr, 1991, 
Becker and Meinke 2008) and the total number of recovered larvae was recorded for 
each sampled plant. 
Data analysis.  In the preference experiment each larva was assigned a 
feeding score based on its behavior across the four checks, defined as the number 
of times observed feeding on isoline divided by the total number of times observed 
feeding.  A score of 0.5 indicated no preference, while values greater than 0.5 
indicated preference for isoline and values less than 0.5 indicated a preference for 
Bt corn.  To test feeding preference for either isoline or Bt corn, t-tests were 
conducted to determine if preference scores for each treatment differed from 0.5.  
Root consumption was analyzed as the dry root weight with wet root weight as a 
covariate with an analysis of covariance (ANCOVA) using PROC MIXED in SAS 9.2 
(SAS Institute Inc. 2008) and Bt and isoline roots were compared within each 
treatment.  Root weights were collected for all treatments except in the two naïve 
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neonate treatments and the experiment using neonates that were pre-exposed to Bt 
corn for one week prior to the experiment.  Additional t-tests were conducted to 
compare survival between these two corn types in the 48 hour pre-exposure Petri 
dishes. 
 In the greenhouse experiment, we analyzed total number of larvae recovered 
per pot with a mixed model analysis of variance (ANOVA).  Fixed factors in the 
model were pathogen and planting (pure Bt, pure isoline or blend), while egg nested 
within block and all of its interactions were coded as random effects.  Data were 
transformed by the square-root function to ensure normality of the residuals and 
homogeneity of variance.  Random effects were tested based on the -2 RES log 
likelihood statistic in PROC MIXED and those that did not have a significant effect 
when removed from the model at a level of 𝛼𝛼 < 0.25 were excluded from the model 
(Quinn and Keough 2002).   
 Larval instar recovery in the greenhouse experiment was analyzed with a test 
of independence using PROC CATMOD.  Factors in the analysis were larval instar 
(first, second or third), planting (Bt, isoline or blend) and nematode treatment 
(control, low or high).  Instar recovery was significantly affected by a three-way 
interaction among planting, pathogen and instar (see results).  To understand the 
nature of this interaction, we conducted t-tests that compared larval survival of each 
instar among the three pathogen treatments.  Separate tests were performed for 
each planting treatment, and the unit of replication in these pairwise comparisons 
was an individual flower pot.  Larval recovery by instar, across the three planting 
treatments, was also compared using t-tests.  The significance level was set at 
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0.017 for all of the t-tests conducted in this analysis, based on the Dunn-Šidàk 
correction assuming three pairwise comparisons (Sokal and Rohlf 1995).   
 Root injury in the greenhouse experiment was analyzed with a mixed model 
ANOVA and data was non-transformed.  This analysis contained the same factors 
as the ANOVA examining total larval recovery, but plant type (pure Bt, pure isoline, 
blend Bt or blend isoline) replaced planting as a fixed factor, since each individual 
plant was rated.  There was a significant effect of plant type on root injury (see 
results) and t tests were used to make all possible pairwise contrasts between Bt 
and isoline plants.  Significance level was set at 0.013 based on the Dunn-Šidàk 
correction assuming four pairwise comparisons. 
In the field study, we compared total larval recovery across treatments using 
a mixed-model ANOVA.  Fixed factors in the model were pathogen, plant type and 
plant position, while block and all of its interactions were coded as random effects.  
A plant could be one of three plant types: 1) an isoline plant  2) a Bt plant with only 
other Bt plants incluced in the path from the center plant (Bt + Bt)  3) a Bt plant with 
an isoline plant included in the path from the center plant (Bt + isoline).  Data were 
transformed with a square-root function to ensure normality of the residuals and 
homogeneity of variance.  There was not a significant effect of pathogen treatment 
on the number of larvae recovered and the fixed effects involving pathogen were not 
significant when the two pathogen types were compared.  Thus, nematode and 
fungal treatments were pooled together as a “pathogen” treatment in all further 
analyses.  Fixed factors in the analysis included pathogen treatment (present or 
absent), plant type (isoline, Bt with an isoline plant in its path from the center, or Bt 
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with only other Bt plants in its path from the center), and the plant position (center, 
P1, P2, or P3).  Random effects were pooled based on the procedure described 
previously (Quinn and Keough 2002).  There was a significant three-way interaction 
among pathogen, plant type and plant position (see results), so pairwise 
comparisons were made among the plant type treatments by calculating the least 
squares means and testing them using the pdiff procedure in SAS.  Comparisons 
across the three plant types were conducted within each plant position and 
separately for each pathogen treatment.  The significance level was set at 0.017 
based on the Dunn-Šidàk correction assuming three pairwise comparisons.  
Results  
Preference experiment.  With the exception of third instar and neonate 
larvae, all larvae showed a significant preference for isoline corn over Bt corn (Fig. 
2).  There was no evidence in the larval behavior data to suggest that third instar 
larvae or neonates had any preference between Bt and isoline corn, but the 
ANCOVA analysis of dry root weight data indicated that third instar larvae consumed 
significantly more isoline corn than Bt corn (Fig. 3).  Larvae pre-exposed to Bt or 
isoline corn for 48 hours also consumed significantly more isoline than Bt root tissue, 
but no significant difference was observed between Bt and isoline root consumption 
in the trials using first or second instar larvae (Fig. 3).  Root injury was observed in 
both Bt (mean = 0.500, SE = 0.057) and isoline corn (mean = 1.357, SE = 0.097), 
indicating that larvae fed on both types of corn.  Although root injury was significantly 
greater to isoline than to Bt corn (t = 1.968, df = 285, P < 0.0001).  There was no 
difference in survival between larvae fed on Bt (mean = 0.986, SE = 0.0139) and 
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isoline corn (mean = 0.965, SE = 0.0161) in the 48 hour pre-exposure dishes (t = 
2.07, df = 22, P = 0.34). 
Greenhouse Experiment.  There were no significant effects of pathogen, 
planting or their interaction on total larval recovery (Table 1).  When data were 
analyzed with a test of independence and instar was included in the analysis, there 
was a significant interaction among pathogen, planting and instar (Table 2).  
Significantly more first and second instar larvae and significantly fewer third instar 
larvae were recovered from the pure Bt planting than from either the pure isoline 
planting or the blend planting (t ≥ 4.576, 192 ≥ df ≥ 111, P ≤ 0.0001 in all cases) (Fig. 
4).  At a marginally significant level (t ≥ 2.175, 62 ≥ df ≥ 60, P ≤ 0.033 in both cases), 
there were fewer third instar larvae recovered from the high pathogen treatment than 
from either the zero or low pathogen treatment within the pure isoline planting, (Fig. 
4).  There was a significant effect of plant type (pure Bt, pure isoline, blend Bt or 
blend) on root injury (Table 3).  Root injury to isoline corn in both pure and blend 
plantings was higher than root injury to Bt corn in both pure and blend plantings (Fig. 
5) (t ≥ 4.395, 276 ≥ df ≥ 179, P ≤ 0.0001 in all cases).  
Field Experiment.  Total larval recovery was significantly affected by the 
three-way interaction among pathogen, plant type and plant position (Table 4).  With 
or without added pathogen, larval recovery from both the center plant and position 
P1 was significantly greater from the isoline plant type than from the Bt with only Bt 
plants in the larval path (Bt + Bt) (Fig. 6).  No additional significant differences were 
observed in the non-pathogen plots (Fig. 6A), but there was significantly higher 
larval recovery on the isoline plant type than on the Bt plant with an isoline plant in 
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the larval path plant type (Bt + isoline), seen in P1 in the pathogen plots (Fig. 6B).  It 
appears that larvae are moving more in the added pathogen plots than in the non-
pathogen plots, but it can not be determined whether this result was observed due to 
the loosened soil in the pathogen plots.  A low number of larvae (<4 larvae per plant) 
were recovered from seven of the fifteen isoline control plants that were just outside 
of the experiment field, planted to confirm survival in the field.  A total of seven 
larvae were recovered from four of the 48 isoline control plants sampled within the 
experiment field. 
Discussion 
Our data indicate that larval D. v. virgifera prefer feeding on isoline corn over 
Bt corn and are capable of moving to the isoline corn in a blend of the two corn 
types.  Our results also show that feeding on Bt corn causes a developmental delay 
in larval D. v virgifera, and this can influence interactions between larvae and their 
natural enemies.  Host plant resistance can significantly affect the efficacy of natural 
enemies against insects (Barbercheck 1995), but research regarding specific effects 
of Bt corn on the susceptibility of the pest D. v. virgifera to various entomopathogens 
is lacking.  Previous research in similar tritrophic systems indicates that the nature of 
the effects of Bt crop on susceptibility of the host varies according to many factors, 
such as the specific natural enemy (Johnson et al. 1997) or the amount of exposure 
to the enemy (Farrar et al. 2004).  Bt corn plants can influence larval D. v. virgifera 
movement (Hibbard et al. 2005, Clark et al. 2006) and this can lead to changes in 
the interaction between larvae and their natural enemies.  An IPM strategy that uses 
conservation biological control of natural enemies could potentially be utilized to 
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control larval D. v. virgifera, but the usefulness of the strategy will depend on the 
details of each component of the tritrophic system and their interactions. 
Recovery across larval instar was similar between the blend planting and the 
isoline planting in the greenhouse experiment (Fig. 4), suggesting an ability of D. v. 
virgifera larvae to move to the isoline corn in a blend of Bt and isoline plants.  A 
similar result was seen in the field experiment, where there was higher larval 
recovery from isoline plants than from Bt plants (Fig. 6).  Studies have documented 
a range of herbivore responses to Bt proteins, depending on the Bt toxin and the 
herbivore (Dutton et al. 2002, Torres et al. 2006, Heuberger et al. 2008).  Field 
(Hibbard et al. 2005) and laboratory (Clark et al. 2006) experiments have 
demonstrated that larval D. v. virgifera prefer to feed on isoline over Bt corn roots 
expressing the Cry3Bb1 protein, and these data suggest that the Cry34Ab/35Ab 
proteins have a similar effect. 
Previous research suggests that larval movement can be motivated by a 
search for food (Hibbard et al. 2004, Spencer et al. 2009).   Larval D. v. virgifera 
have been shown to move up to 61 cm after initial establishment under high 
infestation conditions (Hibbard et al. 2004), but our field data demonstrate an ability 
of larvae to move up to 76 cm across a row.  Soil moisture and bulk density affect 
larval movement, and it is suggested that D. v. virgifera larvae accomplish 
movement primarily by following pores in the soil (Spencer et al. 2009).  Though 
increased movement to the plant in position P1 was observed in the pathogen-
treated plots compared to the non-pathogen plots (Fig. 6), the cause of this result is 
ambiguous due to the loosening of the soil in the pathogen-treated plots. 
86 
 
Overall recovery of D. v. virgifera larvae observed in our field study was very 
low (< 1% in all plant types).  This result could be partly due to a potential moderate 
loss in genetic diversity from being raised for many generations in a laboratory (Kim 
et al. 2007).  Though the phenology of the corn in the field experiment differed some 
within plots, research has indicated that this has little to no effect on larval recovery 
from Bt corn (Hibbard et al. 2009).  Larval survival can be affected by soil type, 
moisture level, relative humidity, temperature, and soil bulk density (Macdonald and 
Ellis 1990), so it is difficult to determine the precise cause of the low larval recovery 
observed in the field experiment.  Hibbard et al. (2005), an earlier study from which 
my experimental design was largely based, generally got lower D. v. virgifera larval 
recovery later in the season.  Since it was low across the entire experiment, the 
overall environmental conditions of the field in the late summer were probably 
unsuitable for D. v. virgifera survival. 
A developmental delay in D. v. virgifera on Bt corn has been observed in the 
field (Storer et al. 2006) and in the laboratory (Lefko et al. 2008), and a similar 
pattern of larval developmental delay was observed in our greenhouse experiment.  
This study demonstrates how delayed development in Bt corn can alter larval D. v. 
virgifera susceptibility to the entomopathogenic nematode S. carpocapsae.  Larval 
development was hindered on Bt corn, as more first and second instar larvae and 
fewer third instar larvae were recovered from Bt corn compared to isoline corn (Fig. 
4).  Higher efficacy of entomopathogenic nematodes against late instar D. v. virgifera 
larvae has been reported in field (Journey and Ostlie 2000) and laboratory (Jackson 
and Brooks 1995, Kurtz et al. 2009) studies, and our data support this finding as well 
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(Fig. 4).  Jackson and Brooks (1995) report the observation of nematodes entering 
the host through the larger thoracic spiracles of the larvae, suggesting a mechanism 
leading to higher infection in the later instar, larger larvae.  We did not see any 
difference in third instar larvae recovery across pathogen in the Bt planting treatment 
(Fig. 4A).  The lack of pathogen effect in the Bt planting was likely due to the fact 
that larval development was delayed on the Bt corn, so the majority of larvae never 
reached the stage that was most susceptible to the natural enemy present.  Delayed 
development caused by Bt crop can provide a mechanism for synergism between Bt 
crop defense and natural enemies (Johnson and Gould 1992) by altering the window 
of herbivore exposure to a natural enemy that preferentially attacks later instar 
larvae.  Since D. v. virgifera larvae fed exclusively on Bt corn were not given the time 
to develop to third instar and S. carpocapsae nematodes are more effective against 
later instar larvae, we were unlikely to observe an effect of nematodes on larval 
recovery in the Bt planting treatment. 
The effect of the entomopathogenic nematode was significant only in the 
isoline planting in the greenhouse experiment, though the isoline and blend plantings 
exhibited a similar pattern in larval recovery across pathogen treatments (Fig. 5).  
The effect of natural enemy may have been stronger had a different species of 
natural enemy been used, since S. carpocapsae nematodes stay near the soil 
surface and employ an ambush strategy (Moyle and Kaya 1981, Gaugler et al. 
1997).  The nematode species Heterorhabditis bacteriophora is recommended for 
further development as a biological control agent for soil pests, due largely to its 
more mobile cruising strategy (Gaugler et al. 1997, Toepfer et al. 2008).   
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There was no effect of pathogen observed in the field experiment.  The 
efficacy and persistence of entomopathogenic fungi and nematodes are affected by 
many abiotic and biotic factors in the field, such as soil type and characteristics, 
agricultural inputs, and soil microbes (Kaya and Gaugler 1993, Jaronski 2007, 
Toepfer et al. 2008).  Entomopathogenic fungi exhibit variation among fungal 
isolates in their response to many environmental factors (Jaronski 2007).  Studies 
involving field applications of entomopathogenic nematodes often report inconsistent 
results (Wright et al. 1993), and application of entomopathogenic nematodes needs 
to be carefully timed to ensure their establishment and persistence in the field (Kurtz 
et al. 2007).  Development of a conservation biological control program depends 
largely on understanding the ecology of the system (Meyling and Eilenberg  2007), 
as timing and types of manipulations of the soil habitat can have various effects on 
different naturally occurring entomopathogens in the soil community. 
Considering the introduction of blended refuge corn fields containing both Bt 
and isoline corn (Environmental Protection Agency 2010), the results from these 
studies could have important implications in managing pest populations in the field.  
Past studies have presented evidence that D. v. virgifera larvae are capable of 
surviving and completing at least partial development on various alternative food 
sources (Clark and Hibbard 2004, Oyediran et al. 2005), and recent work has 
confirmed their ability to survive on Bt corn (Siegfried et al. 2005, Meihls et al. 2008).  
Hibbard et al. (2005) suggest that the rate of resistance to Bt corn could be 
decreased by larval movement from an alternative host to Bt corn if this movement 
leads to an increase in survival of susceptible insects within a largely transgenic 
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field.  If larvae are capable of seeking out the isoline corn plants in a blended field, 
as our data suggest, this could lead to high pressure of early instar D.v. virgifera on 
the relatively few isoline plants.  Movement to neighboring Bt plants is likely to occur 
following depletion of the isoline plant food source, as it can be driven by a search 
for food (Hibbard et al. 2004, Spencer et al. 2009).  Increased movement can 
influence susceptibility of the host insect to natural enemies (Johnson and Gould 
1992). 
Based on quantitative models by Gould et al. (1991), the rate of adaptation to 
Bt is increased when a natural enemy preferentially attacks the susceptible insects, 
and decreased when a natural enemy preferentially attacks resistant insects.  
Sustainability of Bt crop in a blended field is thought to be managed by reducing the 
difference in fitness between the susceptible and resistant insects and by reducing 
the chance that the resistant trait will be passed on (Gould 1998).  Predicted rates of 
adaptation to Bt corn based on tritrophic interactions can vary depending on the 
natural enemy (Johnson et al. 1997, Raymond et al. 2007).  Research to understand 
tritrophic interactions among Bt corn, larval D. v. virgifera and natural enemies in a 
case-specific manner are important to determine the best approach to manage 
resistance.  Resistance to Bt corn is less likely to develop if D. v. virgifera larvae are 
controlled using an IPM approach incorporating multiple methods of control such as 
crop rotation, Bt corn that deters larval feeding and conservation biological control 
using soil-borne entomopathogenic fungi or nematodes. An effective resistance 
management plan is an essential component of a successful IPM approach to 
control this pest species. 
90 
 
Our results illustrate that host plant resistance in Bt corn can alter the 
susceptibility of D. v. virgifera to an entomopathogenic nematode.  Further research 
to understand the interactions among Bt corn, larval D. v. virgifera and natural 
enemies is necessary to develop a stronger IPM strategy to control this pest.  
Generally, host plant resistance displayed by Bt corn affect pests in a way that 
increases the efficacy of natural predators (Lundgren et al. 2009).  It is necessary to 
exam the effects of Bt corn on susceptibility of D. v. virgifera to specific natural 
enemies, as research has reported case-specific results in these types of 
interactions. 
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Figure 1. Field experimental design within each plot.  Eggs were placed around the 
center plant, the single isoline plant was placed in one of the four marked positions 
(center, or P1-P3), and one plant from each position was sampled.  Where pathogen 
treatments were applied, they were applied inside of the boxed areas within each 
plot. 
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Figure 2.  Preferential feeding of various D. v. virgifera larval types in the preference 
experiment.  The x-axis describes the treatment (type of larvae placed into the 
feeding experiment).  The y-axis describes the feeding score, based on the feeding 
behaviors exhibited by the larvae.  A feeding score of 0.5 indicates no preference 
while values greater than 0.5 indicate preference for isoline and values less than 0.5 
indicate preference for Bt.  Points are sample means and error bars are the standard 
error of the mean.  An asterisk indicates a feeding score whose mean differed from 
0.5. 
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Figure 3.  Mass of dry roots across treatment in the preference experiment.   The x-
axis describes the treatment (type of larvae placed into the feeding experiment).  
The y-axis describes dry mass of the root pieces following the experiment, indicating 
the amount of root tissue consumed by the larvae.  Bars are sample means and 
error bars are the standard error of the mean.  An asterisk indicates a significant 
difference in root mass between Bt and isoline corn, within treatment. 
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Figure 4.  Recovery of different instars of D. v. virgifera larvae in the greenhouse experiment across pathogen 
treatment, within each planting treatment: A) Bt  B) isoline  C) a blend of one isoline and one Bt.   The x-axis describes 
the level of pathogen treatment, with zero being no added pathogens, low being the addition of 10 S. carpocapsae 
nematodes/cm2, and high being the addition of 100 S. carpocapsae nematodes/cm2.  The y-axis describes larval 
recovery.  Bars are sample means and error bars are the standard error of the mean. 
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Figure 5.  Root injury across plant type in the greenhouse study.  The x-axis 
describes the plant type treatment and the y-axis describes the root injury from larval 
feeding.  Bar heights are sample means and error bars are the standard error of the 
mean.  Letters indicate significant pairwise differences among plant types. 
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Figure 6. Total D. v. virgifera larval recovery in the field experiment across plant 
sampled and the type and position of the plant relative to the isoline plant, within 
plots with A) no pathogen treatment B) pathogen treatment. The x-axis describes the 
plant position that was sampled: the center plant, P1 was the plant immediately 
adjacent to the center plant, P2 was two plants away from the center plant, and P3 
was across the row from the center plant.  The y-axis describes the number of larvae 
recovered from each plant sampled.  Legend indicates plant type (isoline, Bt with an 
isoline plant in the path of larval dispersal (Bt + Isoline), or Bt with only other Bt 
plants in the path of larval dispersal (Bt + Bt). Bar heights are sample means and 
error bars are the standard error of the mean.  Letters indicate significant pairwise 
differences among the three plant types, within each plant position. 
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Tables 
Table 1. Mixed-model analysis of variance for total larval recovery in the greenhouse 
experiment.  Pathogen is the level of S. carpocapsae (zero, 10 nematodes/ cm2 or 
100 nematodes/cm2) and planting is the combination of plant types within the pot 
(both Bt, both isoline, or one of each plant type). 1For PROC MIXED in SAS, P 
values for random effects are based on a one-tailed test. 
Fixed Effects Numerator df Error df F Value    P 
Pathogen 2 14 0.42 0.664  
Planting 2 14 1.48 0.261 
Pathogen x Planting 4 28 0.47 0.756 
Random Effects1 df   χ2      P 
Egg(block)  1 11.7 0.0003 
Egg(block) x Pathogen   1   0.1 0.3759  
Egg(block) x Planting  1   0.0 0.5000 
Egg(block) x Planting x Pathogen  1   0.7 0.2014 
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Table 2. CATMOD Procedure for larval recovery across instar in the greenhouse 
experiment.  Pathogen is the level of S. carpocapsae (zero, 10 nematodes/cm2 or 
100 nematodes/cm2), planting is the combination of plant types within the pot (both 
Bt, both isoline, or one of each plant type) and instar refers to the developmental 
stage of the recovered D. v. virgifera larvae (first, second, or third instar). 
Factors    df     χ2          P 
Pathogen      2     4.09    0.1294 
Planting      2   40.52 < 0.0001 
Instar      2 202.11 < 0.0001 
Pathogen x Planting      4     3.36    0.4993 
Pathogen x Instar      4   20.34    0.0004 
Planting x Instar      4 432.43 < 0.0001 
Pathogen x Planting x Instar      8   22.58    0.0040 
 
 
 
 
 
 
 
 
 
 
110 
 
Table 3. Mixed-model analysis of variance for root injury in the greenhouse 
experiment.  Pathogen is the level of S. carpocapsae (zero, 10 nematodes/ cm2 or 
100 nematodes/cm2) and plant types are pure Bt, pure isoline, blend Bt and blend 
isoline. 1For PROC MIXED in SAS, P values for random effects are based on a one-
tailed test. 
Fixed Effects Numerator df Error df F Value        P 
Pathogen 2 14   0.13     0.8753 
Plant Type 3 21 12.29  < 0.0001 
Pathogen x Plant Type 6 42   1.38     0.2461 
Random Effects1 df  χ2     P  
Egg(block) 1 5.1 0.012  
Egg(block) x Pathogen 1 3.6 0.029  
Egg(block) x Plant Type 1 2.5 0.056  
Egg(block) x Pathogen x Plant Type 1 4.1 0.022   
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Table 4.  Mixed-model analysis of variance for total larval recovery in the field 
experiment.  Pathogen is the presence or absence of added pathogen, plant type 
indicates whether plants were isoline,  Bt with an isoline plant in the path of larval 
dispersal (Bt + isoline), or Bt with only other Bt plants in the path of larval dispersal 
(Bt + Bt) and plant position is the position of the sampled plant (Center, P1-P3).  1For 
PROC MIXED in SAS, P values for random effects are based on a one-tailed test. 
Fixed Effects  Numerator df Error df F Value        P 
Pathogen   1 416   0.05    0.8180  
Plant type   2 22 20.81 < 0.0001  
Plant position   3 33 25.37 < 0.0001 
Pathogen x Plant type   2 416   0.08    0.9242 
Pathogen x Plant position   3 416   3.05    0.0284 
Plant type x Plant position   5 55   7.55 < 0.0001 
Pathogen x Plant type   5 416   3.67    0.0029  
x Plant position 
Random Effects1 df  χ2     P 
Block 1 0.0 0.500 
Block x Plant type 1 1.0 0.156 
Block x Plant position 1 0.0 0.500 
Block x Plant type x Plant position 1 0.8 0.166 
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Chapter 4.  General Conclusions 
 There are abundant entomopathogens present in corn field soil, where larval 
D. v virgifera feed and develop on corn root tissue.  High abundance of the fungal 
species B. bassiana and M. anisopliae was evidenced by the high mortality due to 
these pathogens seen in the commonly used bait insect species G. mellonella and 
T. molitor.  Though we observed nematode infested host insects in the survey, and 
nematodes appeared to be the most abundant pathogen attacking D. v. virgifera, 
follow-up bioassays suggested that many of these field isolated nematodes were 
probably non-entomopathogenic.  High D. v. virgifera mortality due to unknown 
sources was observed in the second year of the survey, indicating a strong presence 
of additional factors contributing to the control of this pest in the field.  The 
identification of potential candidates for conservation biological control of this pest is 
an essential first step in building a strong integrated pest management (IPM) 
approach to control natural populations of D. v. virgifera.  Of the three pathogens we 
focused on in the survey and follow-up experiments, the fungal species M. 
anisopliae appears to be the most efficacious against larval D. v. virgifera.   
 Larval D. v. virgifera prefer feeding on isoline corn over Bt corn when they are 
given the choice.  This preference for isoline was seen in the laboratory experiment 
in larvae ranging from first to third instar, raised on various combinations of Bt and 
isoline corn.  There was no evidence of any feeding preference in naïve neonate 
larvae, but no larvae we tested displayed a preference for Bt corn.  Further support 
that D. v. virgifera preferentially feed on isoline was observed in both the field and 
greenhouse experiments, as larval recovery was higher from isoline plants than from 
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Bt plants.  Additionally, higher root injury to isoline plants than to Bt plants in the 
greenhouse experiment indicated that D. v. virgifera prefer feeding on isoline roots.  
Larvae appear capable of moving to isoline corn in a blend of isoline and Bt corn, 
and these data could suggest that Bt corn is effectively employing a host plant 
resistance strategy by deterring feeding by larval D. v. virgifera.   
 The specific interactions can be very complex within a tritrophic system that 
includes Bt corn, an herbivore and natural enemies.  Our research demonstrates 
that delaying larval development is one way that Bt corn can effect D. v. virgifera.  
This delayed development is likely to have an effect on the interaction between 
larvae and natural enemies.  In the greenhouse experiment, we observed that later 
instar larvae were more susceptible to the entomopathogenic nematode, S. 
carpocapsae.  Likely as a result of the delayed development on Bt corn, higher 
mortality in the pathogen treatment was only observed in larvae feeding on isoline 
corn.  This result demonstrates the importance of investigating the effects of Bt corn 
on larval susceptibility to natural enemies in a case-specific manner.  Further 
research to understand the effects of Bt corn on the susceptibility of larval D. v. 
virgifera to specific natural enemies, such as entomopathogenic fungi and 
nematodes, could contribute to the development of an IPM control strategy with a 
strong conservation biological control component. 
  
 
 
 
 
 
